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Second Reader: 
PREFACE 
In this age of rockets, sputniks, missiles, and the 
fight to conquer outer space, the science education of the 
Liberian boy or girl, man or woman, regardless of the field 
of study will never be complete without the basic knowledge 
of the most fundamental sections of science. It is the 
writer's ardent purpose that Liberian youngsters be imbued 
with a complete comprehension of nature's laws at the 
secondary school age, so that their scientific reasoning 
and general mental aptitudes and capacities mature side by 
side with their ages. 
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CHAPTER I 
THE PROBLEM 
1. Statement and Objective 
Statement of problem.-~ Is science something of a poin 
of view, or some sort of subject~matter for profound 
discussion? The writer strongly feels that these two are 
inextricably interwoven. Professionals in the field of 
Science Education, having taken the time to make a complete 
survey-study in the field of secondary science have develope( 
a new point of view in order to fit the teaching of such a 
course to the secondary schools. 
The new point of view o£ science subject-matter.--
A big problem which confronts many teachers today is whether 
or not there exists a dividing line between former methods 
o£ teaching science, and current science teachings. The 
writer believes that this should not be a problem. The 
development of subject-matter is continuous; new ideas are 
the outcome of older concepts. Today, many trained and 
competent teachers are presenting the old and traditional 
content from a point of view accurately considered and 
described as new and modern. 
-1-
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Its application to algebra.-- Let us consider::.a very 
simple illustration ana see if it will suffice. A teacher 
tells his freshmen high students that the algebraic expres-
sion x 2 y 2 is factorable, but x 2 + y 2 can not be factored. 
This is a typical example of one of the former methods of 
teaching mathematics. The teacher has only stressed the 
manipulative character of algebra. The writer is quite 
aware that this teacher knew that such· a blunt and detri-
mental statement was incomplete. What the teacher should 
have said about algebraic expressions involving factorization 
was that this expression could be factored in the form 
(x2 + y 2 ) = (x+iy)(~-iy) , only if the kind of numbers 
admissible as coefficients were specified. Let it be re-
membered that this is not a common fault of all teachers. 
Undoubtedly, many teachers have pointed this out to a few of 
their better students. 
Of course from this point of view of current mathe-
matics, reference is made to what the writer would call the 
''field of coefficients: n i.e., the expression x 2 - y 2 can 
be factored only in the Ufield of rational numbers,tt but 
will not submit itself to be factored only in the fiel.a of 
11 complex numbers." The writer admits that a technical 
definition has not been assigned the term nfield," simply 
because he feels that such a term is the sole property of 
2 
"current mathematics.n 
As has been demonstrated, the writer will admit that 
such an algebraic expression can be viewed and discussed 
from the old point of view (as a frame of manipulative 
skill), or from the new point of view (as the study of 
mathematical structure). 
Application to geometry.-- Let us see whether or not 
this point of view is applicable to geometry. The geometry 
of Euclid concerns itself with the study of the properties 
of geometric configurations, which remain unchanged under 
rigid motion. Projective geometry is a study of the pro-
perties of geometric structures that remain unaltered under 
projection. The law of cosines a 2 = b 2 + c 2 - 2ab Coso 
holds true as long as the structure of the triangle remains 
rigid, but fails if the figure is distorted in any form. 
This would constitute an appropriate theorem in metric 
geometry. 
Another point to consider is that in metric geometry, 
parallel lines can not meet; in projective geometry, they 
meet in a so-called points at infinity, and these points 
form a line at infinity. In yet ano.ther form of geometry, 
there is only a single point at infinity. Thus, algebra 
may be viewed as a study of structures, and geometry as a 
study of invariance under various kinds of transformations. 
A very important characteristic of both former and 
current mathematics has been an emphasis upon deduction. 
The reader will recall that deductive reasoning has been 
regarded as primarily a mathematical method, and inductive 
reasoning the method of science. 
Once it becomes clear that mathematics could not be 
regarded properly as a process of reasoning deductively from 
propositions that were self-evident, the axioms and postu-
lates on which any ·branch of mathematics rests had to be 
regarded simply as assumptions. Any part of mathematics, 
when put into organized form, turns out to consist of a list 
of primitive or undefined terms and unproved propositions or 
axsumptions; and that definitions are given in terms of the 
undefined ideas and proofs resting on the unproved pro-
positions. 
Such a new view created an increased emphasis o~ 
deductive reasoning, but also lessened concern with the 
particular concepts about which the reasoning took place. 
It points out, for example, that deductive reasoning may be 
employed in algebra, as well as in geometry. Since both 
rest on a set of unproved assumptions, further that such 
reasoning may be taught by the use of nsmall systems 11 - a 
few assumptions leading to a few theorems - as well as 
nmajor systems" as in Euclid. 
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Thus, mathematics today is a new point of view. It can 
be regarded as consisting of the deductive development of 
certain propositions from a list of assumptions generally 
accepted without proof about terms undefined except as 
limited by the conditions of the accepted assumptions. 
Its application to logic.-- Let us now consider the 
mathematical study of logic. This has led to another new 
subject, symbolic logic. This subject has made many strides 
in the past years. Its literature and content are enriched 
and extensive. The portion which concerns school mathe-
matics and science is easily grasped and understood by 
students. Some mathematicians call it the 11 calculus of 
propositions.n 
One of the main goals ~~ the study of this logic is to 
determine in terms of the truth and falsehood of certain 
propositions, the truth or falsehood of sentences which are 
combinations of prepositions. 
Let p be a sentence, nnr. Re!itKI. is at school,tt and q 
another sentence,ttDr. Read is teaching.n Several combina-
tions of these sentences can be formulated. Take for 
instance: p or q, or both; either p or q, but not both; p 
and q; if p, then q; p if and only if q. Consider the''if p," 
then q; this means - if Dr. Read is at school then Dr. Read 
is teaching a class. This statement is most likely false. 
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If p, then q is regarded as true, if q is true or p is false, 
and false otherwise. 
This type of logic has many applications. Outstanding 
among the many is the application of logic to computing 
machines in which many switches (relays) have to be analyzed. 
Its application to statisticsand probability.--
Probability and statistical inference have their roots in 
the past, but can be thought of today as a new subject in 
the fields of Current Mathematics. The first serious dis-
cussions in these fields must have occurred around the 
seventeenth century in connection with the analysis by 
Fermat and Pascal over certain gambling games. Today, 
governments, businessmen and science turn to these theories 
for answers to their problems of presentation, analysis and 
inference. 
2. Purpose and Scope 
of the Problem 
Purpose and scope.-- The purpose of this thesis is 
intended to form the nucleus of a science t~t for senior 
high school students with some general knowledge of mathe-
matics, to give them a point of view of the science of the 
universe (astronomical bodies). 
Undoubtedly, the course will not include difficult 
mathematical computations, and the discussions will not 
require science prerequisites. The topics that will be 
discussed will be carefully selected and must be of vital 
interest to curious and open-minded students. 
This course will be further designed expressly to 
promote the understanding of the subject-matter. This will 
not be a course to teach students how to solve problems. 
The problems, if any, will be a means to an end- the 
understanding of a way of thinking. In many cases, a 
student will be asked, in exercises, to supplement the 
theory for himself. 
It appears, however, that teachers have underestimated 
the capacities of senior high students, partly because they 
confuse algebraic manipulative skills with the power to 
follow a logical argument. The mathematical maturity which 
may be developed in the course of a year will surprise many 
teachers. This is fortunate, because it shows that the 
problem, which the modern schools set for secondary science 
teachers, is merely difficult, but not impossible. It 
requires that teachers and students should be true to their 
vision of the beauty and importance of science, and that 
they should not treat it trivially. 
The right of students to discover for themselves.--
Many teachers today are interested in science because of its 
logical beauty, and because science makes it possible to 
7 
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arrive at scientific truths and principles with precision, 
certainty, and with a degree of artistry. These teachers 
find themselves teaching the techniqu~of solving problems 
of standard types. This situation is equally unsatisfactory 
for the students who have acquired some taste for inductive 
·bhinking for science. Students have the right to discover 
for themselves the many appeals of science. If they are not 
given this opportunity by their teachers, they are then 
being cheated, as well as being injured. 
The impact of science.-- The concluding purpose of 
this thesis seeks to reveal that science is one of the 
dominant forces of our times, and has almost become indis-
pensible in the culture of every student. Intended to give· 
an elementary introductory course of the many theories 
regarding the universe, it will also play (the writer hopes) 
a leading role in providing information and understanding, 
so as to enlighten the minds of Liberian students with 
appropriate abilities to pursue further and higher studies 
in science. 
In conclusion, the writer most sincerely requests that 
. . 
teachers familiarize themselves with the new forms of the 
basic concepts of the modern approach of science today; that 
they creatively utilize these simplifying and unifying con-
cepts in their teaching so as to make.the study and learning 
8 
of science a stimulating, interesting and vitalizing 
intellectual adventure. 
9 
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CHAPTER II 
EARLY THEORIES OF THE UNIVERSE 
1. The Theories of 
Ptolemy and Copernicus 
The bel j efs of ±.h es e me:c. -- Before recorded history, thE 
human race noticed moving objects in the sky: sun, moon, and 
stars. Wise old men could predict what most of these would 
do. Surprising to many, five stars behaved differently 
from all the others. They moved, relatively to the other 
stars, and in complicated ways. These wanderers had 
special names: Mercury, Venus, Mars, Jupiter and Saturn. 
Only the oldest wise men ventured to predict what they would 
do. 
But, by 300 B.C., astronomy had reached a surprisingly 
high stage of development. There was adequate proof, ac-
cepted by all learned men, that the earth was a sphere. It 
was assumed that everything went round the earth. This as-
sumption was neither superstituous nor stupid, it was a very 
logical assumption. The path of the regular stars could 
now be explained. The more complicated paths of the sun 
and moon could be explained by a theory involving ncircles 
rolling on circles.nl/ The five wanderers were given 
1/The Concept of Epicircles was not new to the Greeks. 
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intricately compounded circular motions which satisfactorily 
accounted for all they had done and promised to give good 
predictions for the future. The Ptolematic System which 
crystallized all this was a good scientific system which 
lasted unchallenged until the fifteenth century. 
!l'The first radical was Copernicus.nl/ He became con-
vinced that the sun, not the earth, was the center of the 
universe. The earth went round the sun, as did· also the 
Wandering Five - so the earth was a planet, no better and no 
worse than the other five. But the moon was special; it was 
a planet of the earth. All the regular stars were fixed; 
their (apparent) rotations were accounted for by the fact 
that the earth turned round once a day. This was radical. 
It was also economical, definitely simpler than Ptolemy's 
System. 
Although Copernicus had a radical idea, he developed 
(his idea) it into a system that was conservative. Ptolemy 
had laid down the 11 law« that all celestial motions must be 
explained in terms of circles. Copernicus slavishly accepted 
this 11 law, 11 and even argued strenuously that it was 
inevitable. 
The consequence was that for some years, scientists had 
their choice of two systems - both ponderous and complicated, 
1/F. W. N. Sullivan, The Limitations of Science, The American 
Library, New York, 1954, pp. 12-20w 
11 
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both furnishing good predictions, and with not too much 
choice between them. 
2. The Three Laws of Kepler 
The formulation of his laws.-- lfThe second great radical 
was Kepler.ul/ He was a Copernican, in the sense that he 
favored the sun at the center. Much more than that, he was 
a curious combination of an incredibly hard-working drudge 
and a wild genius. He had inherited the important set of 
astronomical observations on the Wanderers made by Tyche 
Brahe, and he pored over them for years to fit the facts 
better. Eventually, he announced his Three Laws: 
. 1. The orbit of each.planet is an ellipse, having the 
sun at one focus. 
2. The motion of each planet in its orbi~ is such that 
the radius vector from the sun to the planet des-
cribes equal areas in equal times. 
3. The squares of the periods are proportional to the 
cubes of the semi-major axes of the planets. 
Any scientist around 1620, hearing these Laws for the 
first time, would have called them wild guesses. There was 
nothing in the history of·astronomy remotely related to 
such concepts, and he would have said with complete truth 
that this was much more revolutionary than Copernicus. 
1/0p. cit., p. 11. 
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From that day to this, few or no mathematician or astronomer 
has ever claimed that, intuitively, these Laws seemed 
evident, or even plausible. The instinctive reactions are: 
1. Things that go around must go round in circles. 
2. Areas swept out by an imaginary line in space can 
not have a meaning. 
3. Squares of time equated to cubes of distance seem 
utter n.onsense. 
If a 1620 scientist was also a bit of an historian, he would 
recall that Kepler was noted for wild guesses, most of which 
had been wrong~ And yet th~ simple fact is that Kepler was 
right, in the sense that his Laws (guesses) fitted the facts. 
These Laws were the simplest, and therefore the most scien-
tific formulations of what was going on. In no sense did 
Kepler prove these Laws, he obtained them from observation, 
and by guessing. But everyone had to admit that these Laws 
fitted the facts. 
By 1650 the then CG>pe·rnican theory of Sun at Center, 
and the Keplerian Laws were accepted by all competent 
astronomers. But there was still the big question: Why? 
3. The Scientific Process of Newton 
Newton•s law of·universal gravitation.-- The answer 
came from Isaac Newton, probably the greatest scientist who 
ever lived. It is possible to reconstruct from his notes, 
13 
letters and recorded conversations something of the order in 
which his ideas came to him, and this is summarized as 
follows: 
A. Sharp 
Ma~s 
distance 
time 
·velocity 
acceleration 
momentum 
Rate of change.of momentum 
Force 
Clean Definitions 
m 
s 
t 
v = ds/dt 
t 
s 
a = dv/dt = v' 
mv = ms' 
d(mv)/dt = ms 11 
F 
= 
= 
stt 
ma if m is 
constant 
a 
B. A technique by which, given s, one can find v and a, 
and conversely. In other words, the technique of 
the differential and integral calculus has been 
invented to do just this. 
C. A precise formulation of laws of motion: 
. 
1. A body at rest will stay at rest, a body in 
motion will continue in motion in a straight 
line with uniform velocity, unless acted on by 
a force. 
~z. Force is proportional to the time rate change 
of momentum, that is: 
F = kd(mv) 
dt 
14 
3. Action and reaction are equal, and opposite. 
Of these, 2 is the one that most concerns us. Notice 
that if the mass is not constant, but changes with time, so 
that m = m(t), all the notioris of rocket-propelled missles, 
even while the rockets are going off, are included in 
Newton's general theory, when Mass is, or becomes constant, 
we have the simpler Formula: F = kma 
D. Preliminary simplification of a sun and one planet, 
each of which is to be regarded as a mass-par~icle. 
(It was not until twenty years later that Newton 
was able to show under.what conditions this simpli-
fication was legitimate.) 
E. Assuming Kepler's Laws are true, Newton made a 
serious all-out attempt to draw conclusions from 
them. 
a. From Kepler 2, Newton inferred (guessed with 
high probability) that a planet is kept in its 
orbit by a central force (gravitation) in the 
direction of the sun. 
b. From Kepler 3, Newton inferred that the absolu 
force with which the sun attracts a·pianet is 
the same for all planets (approximately). 
c. Assuming (a) and (b) above, Newton proved that 
if Kepler 1 holds, i.e., if the path of a 
15 
planet is an ellipse with the sun at a focus, then 
the force of gravitation must be the inverse square 
law. 
F = \Yr2 
when r is the distance between the two, andM is a 
constant (absolute force). Note carefully that 
this is not a proof of Kepler 1; it is a converse 
theorem, but it gave him the clue to the universe 
in the form. 
F. A universal law of gravitation. 
F = ~/£2 
There are other considerations, not too easily ex-
plained, by which the inverse square law seems to a 
mathematician more in keeping with nature than any 
other. Newton sensed these considerations, and felt 
the strength of them, but the historical evidence is 
clear that he deduced the Law of Gravitation from 
Kepler 1, before he did the converse job of assum-
ing the Law of Gravitation and proving Kepler 1. 
It is also amusing (but perhaps not too important) 
to note that other laws, and after looking at their 
devastating possibilities, reached the inevitable 
conclusion that any creator who knew his business 
would construct a universe with gravitation obeying 
the inverse square law. 
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G. The great scientific achievement. 
Assuming the inverse square law and the laws of 
motion, and using the techniques of his newly-
invented calculus, Newton proved all th~e of 
Kepler's Laws. 
4. The Aims of This Unit 
Proof of Kepler's three laws.-- The first aim of this 
unit is simply to give an appreciation of the sequence of 
steps (Af-(G_.) by which a great man made a great discovery. 
The second ~im is to show that even the modest mathe-
matics of a senior high course is sufficient for a genuine 
understanding of this subject, including proofs of Kepler's 
Laws. 
The actual proofs which Newton gave are §9 fantastically 
difficult to follow (even for a professional), that it would 
be ridiculous to include them. Over the centuries, simpli-
fications have been made, and yet it seems always to have 
been assured that this was an application of advanced 
calculus, intelligible only to graduate students. The 
appearance of sputniks has naturally aroused curiosity as to 
their life histories. This presents a new challenge to high 
school seniors in the secondary schools in Liberia, and 
teachers of these students. Anyone who wants to understand 
why a sputnik goes where it goes must understand and apply 
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Kepler's Laws. To understand the proofs of these Laws is 
not a necessity, it is a luxury. In the past, it·has been a 
pretty expensive luxury. The following proofs, specially 
designed for this unit, are the expressions of a personal 
bet that one of the great scientific achievements of all 
time can be brought within the understanding of an average 
senior high science student in the secondary schools of 
Liberia. 
Proof of law two.lL- We work interchangeably with 
rectangul-ar and polar coordinates. .All derivatives are with 
respect to time, t. 
~~ Equation 1. X = r Cose 
y = r Sine X 
Then if we have a point P moving on a curve with a 
central force F, by Newton 2 
~ ~ 
--------X 
Figure 1. Diagrams Showing the 
6oordinO.t~S:!;!~, 
Polar and Rectangular 
Equation 2. d 2x/dt2 = -F cose == -Fx/r 
-
a2y/dt 
-
-F sine %: _pY /r 
1/The proofs of these laws are intended only for students 
with enough mathematics backgroundwho would like to follow 
such a proof through. 
Straight computation gives: 
Equation 3. xd2y/dt2 - yd2x/dt2 = 0 
By integration of (3) gives the following: 
t: 
xdy/dt - ydx/dt = h 0 This is tricky; differen 
tiate (3) and note that 
the result does reduce to 
the preceding. 
Now take equation (1) and differentiate with respect to 
Thus dx/dt = dr/dt cos& - r sine 
dy/dt = dr/dt sin& + r cose 
. Combining: xdy/dt - ydx/dt = r 2d e /dt 
But (4) t r 2de = dA:l/ 
de /d-t 
ae /dt 
Hence: dA = t hdt 
Integrating (the constant of integration is not of any 
significance here) gives: 
A = -! ht 
This proves Kepler i. It is a curious fact that in 
proving this, the writer did not have to state what the. 
central force was, so Kepler 2 is actually true for any 
central force. In particular it is true for the Inverse 
Square Law 
1/J. R. Burington, Calculus, Macmillan and Company, Ltd., 
Englans, 1956, p. 185. 
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Proof of Kepler one.~- Assuming inverse law of gravi-
tation to be: F = ~lr2 
By equation 2. 
a2xldt2 ;; -F cos B = - ~lr2 cosB 
,:·· 
Making use of. ec{niti·on ( 4) 
1 I r 2 = d e I at · 1 lh 
Hence: d 2xldt2 =- ~~h cosede ldt 
Integrating the above gives the following: 
Equation 5. dxldt = - ~lh sin&+ .i 
dyldt = + ~lh cos e + d. 
Similarly using equations (5) and (3) relatively give 
equation (6). 
x fAih cose +crx + y /Aih sine -d..y - h = 0 
Applying equation (1), equation (6) becomes: equation 7 · 
f41h r + '(x - <ty - h = 0 
Now equation (7) is needlessly compl.icated, and by a proper 
rotation of the rectangular axes, the writer can make the 
term in y vanish. This will leave fL , h, r unchanged, and 
(7) becomes 8. 
Equation 8. t4lh r + Jjx - h = 0; w·hen Jj = (d..2 + y2 )"! 
This equation can be rewritten as: 
Equation 9. ttr = h /JA ~[ -x + h/~J u11 
!LOp. cit., p. 186. 
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Figure 2. Diagram Showing the radius 
and Eccentricity. 
Then -x + h/B is the 
aistance from a point 
p(x,y) to the line ~ 
when equation is x = 
hJ:S; call-this distance 
p. 
The expression h/N~ is a constant, call it e. 
Then equation (8) or (9) simply reduces to: 
Equation 10. r = ep 
This last equation says that the path of a planet is a curve 
with the property that its distance (r) from a fixed point 0 
(the origin, i.e. focus) is a constant (e) times its distance 
(p) from a fixed line (directrix). But (Granville, Smith 
and Langley, p. 85), this is a conic with foCl!lS at 0, 
directrix d, and this conic is: 
1. nan ellipse if e = h/M;.B <.1 
2. a parabola if e = 1 
3. an hyperbola if e-, 1. n!/ 
The object is a true satellite only in case 1. In the 
1/Granville, Smith and Langley, Elements of Integral and 
Differential Calculus, Ginn and Co., New York, 1948. PP. !IS-Ifi7 
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limiting case 2 the object has just enough velocity so that 
it ttescapesn along a parabolic path of no return. Thus, thi 
proves Kepler First Law. 
Proof of Kepler three.-- From equation 9 the distance L 
from the focus F (0,0) to the directrix (fixed line) is 
given by L = hj:3. 
Figure 3. A Drawing Illustrating the Properties of an 
Ellipse. 
The eccentricity e = Equation 11. 
Thus equation (11) 
L = a/e - ae = a(l-e2/e) = b 2 /ae 
From equations (10) and (11), equation 12 is the outcome: 
h=~ 
a 
Now the area of an ellipse is 11 ab. If T is the time for a 
complete trip 
A = ')5ab = t hT 
22 
= 
Using equation (12) 
Mb2T2= 4 ~ a 2 b 2 
a 
Hence equation 13 f'1 = 4 -# a 3 I T2 
Now M is the attraction the sun has for a planet at a unit 
distance. For a second planet, with corresponding a~, T1 
and }-1l , if J = /4 (assuming) 
This would give equation 14: 
~~ = ~ = 4 ~2 (al)3 / (Tl)2 
Then from equations Ii and 14 we get a new equation which 
proves Kepler Third Law. 
l 2 2 talll I a3 Equation 15. (T ) IT = t 1 
Comments on the laws of Kepler.-- It is well to realize 
how very general these Laws of Kepler are: 
A. These Laws apply to our sun and its planets: 
Mercury, Venus, Earth, Mars. Jupiter, Saturn, 
Uranus, Neptune, Pluto, and the asteroids, and 
comets. 
B. These Laws apply to our earth, regarded as a ttsun,tt 
and to other "planets: 11 the natural moon and the 
artificial sputniks. They apply equally to any 
planet which has moons, such as Jupiter, which is 
known to have twelve. 
C. If an expedition went to the moon, and if from 
there sputniks were sent up, the moon would be a 
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flsun, 11 and her sputniks, nplanets.n 
a. A sputnik and its rocket are not in the sun-
planet relationship; each is a planet of the 
earth. 
b. The chief inte·rest is naturally with earth as 
nsun,n and with moon and sputniks as 11planets" 
of the earth. Another interest could be with 
moon as sun and sputniks as planets. 
It is true that the exact determination of the path of 
a sputnik is not quite as simple as Kepler's Laws might 
imply. The earth is not a perfect sphere, it bulges at the 
equator, and this extra mass has a significant effect which 
is extremely difficult to compute. (Newton's as-sumption of 
11Mass-particlen cannot be made to conform exactly to 
nature.) Again, the assumption in the proof of Kepler (3) 
that the sun attracts two different planets equally is not 
exactly true. But these are minor perturbations of interest 
only to the professionals. Kepler's Laws dominate the 
situation. 
The escape velocity.-- Any object moves with a velocity 
v, such that 
v2 = (dx/dt)2 + (dy/dt)2 
As suggested in the proof of Kepler (1), if this 
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velocity is too large, the object may not be a true 
satellite, but escape along a parabola or hyperbola. 
Figure 4. Path of a Mass Particle Around a Large Sun. 
It is necessary to make a small distinction between 
travel around a mass-particle and travel around a large 
material sun. The paths are exactly the same with this 
exception. An object travelling with terrific velocity 
might shoot pass the mass-particle in the above figure, r.a:dd 
continue on a hyperbola with no return. But with a material 
sun, as in the right-hand figure, the object would traverse 
an identical path A B until it hits the sun, when its 
travelling days would be over. Theoretically, it is a little 
simpler to work with the left-hand figure, above. 
T 
_AA 
Figure 5. The Path of the Particle Which has Accumulated 
an Escaped Velocity. 
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Then for a given point A, and a given initial direction 
.A. T, there exists a lowest velocity VE (the 11 escapen .-veloc-
ity) such that the path will be a parabola. A higher 
velocity yields an hype~bola, a lower velocity an ellipse, 
when the object is a true satellite. 
Thus, the following theorem will require a proof. 
Theorem: The escape velocity VE depends only on the 
distance to the sun, and is the same"for all directions. 
Proof: From equations (5) modified by the necessary rota-
tion give: 
dx/dt = - ~/h sine , dy/dt = 1-ljh cos e + .£ 
Hence equation 16: 
v2 = (a.x/dt)2 + <dy /dt)2 = rl /h2 + 12>2 + 
F b 1 e -- 1 -- h/al or a para ·o a P • (!~ hence/! = 
2JA j.B 
h 
1-'i/h~ 
cose 
From (1) x = r cose ( 8) H/h • r + t!r cos e - h = o 
· ••• /PJ cos s = ~/h + h/r 
Now substituting these in equation (16), the parabola 
"escapeu velocity, that is VE 
' 
is given by equation l:f: 
2 LH3 + 2 + 2 ,.../h ( ~ + £__) 2:_11_ VE = H...:J.. - -i? . -li~ h r r 
Since the right-hand side does not include e ' this proves 
the theorem. For a point on the earth r = R. By our 
fundamental assumption of the inverse square law, F = ~/R2 ; 
experiments have shown that on the surface of the earth 
F = G = 32 feet per second per second. Hence the escape 
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velocity at the surface of the earth is: 
VE = [2 ~/R] t = (2GR)t = [2 • 32· 4000 • 528qJ! = 
7 mile!/sec. 
For a point above the earth at a distance S from the center 
of the earth, the escape velocity is as follows: 
1 1 
VE = 7 (R/S}2 miles per sec. (Thomas, p. 121.) 
Circular orbits.-- If a planet moves in a circle, 
equation (8) must be revised and reduced to the following: 
~/h r = h ; with (.B = 0 
Then equation (16) yields Vc 2 = Mf/h2 
V 
2 
= ~/r c 
Referring to equation (17) 
Vc = 1/(2){- • VE 
A list of numerical facts is given (a rough approxima-
tion), based on R = 4000 miles, and the escape velocity VE 
at·the surface of the earth as 7 miles per second. The first 
column gives the distance above the surface of the earth, 
the secondJthe velocity in a circular path in miles per 
second. The third column gives the escape velocity (in any 
direction) at the indicated point, and the fourth column 
the period (in minutes) for a circular path at the pre-
scribed distance (air resistance of course neglected). 
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s 
------ R (miles) v VE Period c 
0 4.95 7 85 
100 4.89 6.91 88 
600 4.62 6.53 104.4 
1000 4.43 6.26 118 
4000 3.50 4.95 239 
moon (236,000) .64 .90 39,300 = 27!- days 
CHAPTER III 
ASTRONOMICAL INFORMATION OF PRESENT DAY 
STUDENTS AS COMPARED WITH 
THAT OF ANCIENT GREECE STUDENTS 
1. What an Average Student Knows 
About Astronomy Today 
How well-informed are the students today?-- The average 
student has made for himself the following astronomical 
studies; 
1. The sun seems to rise in the east and sets in the 
we:s.t. 
2. In winter1 / the sun rises very late (8 A.M.) and 
sets early (4 P.M.) • 
.-, 
<) 
3. In summer the sun rises very early (before he gets 
up) and sets late (7 or 8 P.M.). This is Daylight 
Saving. 
4. He knows the moon when he sees it; he knows it 
seems to take on various shapes. 
5. On a clear night there seems to be several billion 
stars. He has been shown the stars forming the 
Big Dipper and the two nPointers" which point to 
1/In Liberia the rainy season is considered as winter, and 
the hot or sunny season the summer. 
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the North Star. He has been told that the North 
Star is always in the same place and the other 
stars go round it as indicated. 
The average student has also been taught some facts, 
and he believes them, although he does not quite understand 
all of them. 
A. The earth is round. 
B. The sun stands still, and the earth rotates on a 
north-south pole axis. This makes night and day. 
C. The earth goes all the way around the sun, spinning 
as it goes. This makes one year. 
D. The moon goes round the earth. The moon shines by 
reflected light from the sun. 
E. Stars are suns like our sun. 
F. Stars appear always in the same place relative to 
each other. You see different ones in summer from 
what you see in winter. If you are down in 
Australia, all the stars would probably look 
different. 
G. Planets are things that look like stars, but are 
not stars. From extensive reading of texts, he 
gets to know a great deal about the planets. They 
are like the earth - in fact, the earth is a 
planet -- they go round the sun, they are not hot 
like the sun, and they shine by reflected light 
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from the sun. In addition to the earth, there are 
eight more planets: Mercury, Venus, Mars, Jupiter, 
Saturn, Uranus, Neptune, and Pluto. There may be 
more that have not been discovered as of 1959. 
They move around in the sky in complicated ways, 
and apparently only an expert knows where to look 
for them. Most of them have moons, some of them 
have many moons; Saturn has three rings. There are 
also asteroids which are big chunks of rocks; they 
are either pieces of a planet which blew up, or 
pieces which never got together to form a planet; 
nobody seems to be very clear about that. Planets 
might have some life on them, especially Mars. 
H. The real stars, the ones that are like our sun, 
might have planets; nobody has much information 
about that. 
2. What an Average Intelligent 
Greek Student Knew About 
Astronomy 2000 Years Ago 
How weli-informed were Greek students 2000 years B.C?--
Let us now compare the present-day observations and the 
present-day commo~ knowledge of students with what was seen 
and inferred by observant intelligent Greek students anywhere 
in the time period 300 B.C. to 300 A.D. 
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The one thing that will surprise you and almost appall 
you, is the tremendous extent of their observations. The 
only real difficulty you will have in this study of the 
universe is in understanding what every Greekstudent took 
for granted 2000 years ago. The reasons for this early 
knowledge are quite simple. The sons of intelligent aristo-
crats had money and slaves., all the leisure in the world, 
and a genuine liking for observation. In the Eastern 
Mediterranean, the skies were very clear most of the time, 
and there was no city glow at night. For much of the year 
it was extremely pleasant out-of-doors all night long. Mor~ 
youngsters slept during the blinding heat of the day. They 
did not read as we dof they did not read at night because of 
poor lighting facilities. So they looked at the skies. 
Records show that wise men of the East had been doing this 
for 3000 years previous to the Christian Era. 
Every clear night our Greek observer saw the North Star 
(at that time called Alpha Draconis) in exactly the same 
place. (This statement is not absolutely accurate. Even 
today the North Star does not remain in the samg·place, but 
moves around a central spot in a tiny circle. For reasons 
which are not worth going into, several thousand years ago 
the North Star was even farther away from the central spot. 
But this refinement in accuracy does not, to a very great 
extent, affect the general argument.) 
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EAST 
Figure 6. An Illustration of the Big Dipper Showing 
Location of Polaris. 
The stars near it moved slowly around it in a counter-
clockwise direction. All night they would move at a rate of 
what we would call 15° an hour (half as fast as the hour hand 
of a clock moves, but in the opposite direction). Of course, 
he could not see the stars during the day, but the next night 
they were nearly where they would have been if they had kept 
going at the same rate. So, he naturally inferred that they 
had been there all the time and had kept going. To him, the 
stars always maintained the same relative positions - the 
Big Dipper was always the same shape, and the same distance 
from the Polaris. These Greek students further observed that 
some stars near Polaris could always be seen on clear nights; 
they were called circumpolar. But some stars were far 
enough away from Polaris so that as they went around they 
dipped below the horizon. But, without exception, they came 
up again, later, just where they would have come up if they 
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had continued to move. 
Hence, many of the stars in their rotation about Polaris 
rose in the east, circled high above, and finally set in the 
west. Putting all of this together, these.students naturally 
inferred that the stars were set in a sphere (star sphere, 
or celestial sphere) at an immense distance from the earth, 
and that this whole sphere rotated constantly about a line 
from Polaris to the earth. The length of time for this 
rotation was and is 23 hours and 56 minutes. Figure 1 shows 
the actual situation on November 1, 1958, at 9 P.M. The 
Dipper is just above the horizon to the north, and Polaris 
above it. 
In the next 23 hours and 56 minutes, the Dipper goes 
once around Polaris, and, henc~, this is the way it looks 
again at 8:56P.M., November 2. Four minutes later, at 
9 P.M., the Dipper has moved just a little toward the right 
(east). Every night at 9 P.M., the Dipper is a little far-
ther round. By February lst, it is standing on its handle 
in the east; by May lst, it is above Polaris; by August 1st, 
it is to the left (west), and the next year on November lst, 
it is where it was a year ago; it has gone around Polaris 
once, more than the number of days in a year (we are getting 
a bit ahead of the game because we have not defined what a 
year is; but this explanation is put in to make clearer to a 
modern non-observer what the Greek observers knew). 
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Incidentally, while the average modern day student will 
claim that on a very clear night he can see several thousand 
stars; this is not true, because there are never more than 
three or four thousand visible to the naked eye. 
3. The Earth is Round,(4th Cent., B.C.) 
. Everything so far is quite independent of whether the 
earth is round, flat, or shaped like a doughnut. For a long 
time, the human race naturally assumed that the earth was 
flat - that is certainly the way it looked. They did not 
,know how big it was, but it could not go on forever because 
it would run into the rotating star-sphere. Hence, it 
stopped somewhere. It would probably be a good idea not to 
travel or sail too far or people might fall over the edge. 
Before 300 B.C. eno¥gh evidence was available to show 
that the earth was round; it was the stars themselves that 
furnished most of the evidence. To make this clear, the 
writer resorts to a rather simple teaching device. Assuming 
the earth is round, we.can inquire what the motions of stars 
would be like (assuming the rotating star-sphere of the 
ancient). This is not cheating. This is a frank acceptance 
of the fact that they had seen more than what we have seen. 
When this is all cleared up, you will see.how they.got the 
idea of a round earth (and why we think the stars stay put 
and the earth goes round; why they thought the earth 
remained stationary and the stars moved around). 
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Figure 7. An Illustration of the Celestial Sphere. 
Suppose you are at the North Pole in winter. The stars 
are visible all the time. Polaris is at the zenith 
(directly above you) and all the stars that you can. s.ee go 
round it in circles; you can see them all the way round. 
The ones you can see are in the northern hal~·of the celes-
tial sphere. The stars in the southern half are invisible. 
Go down to the equator. You can just see Polaris (remember 
the celestial sphere is supposed to be very much larger than 
the figure indicates). There are no circumpolar stars. 
At Greece, or even at Boston, you always see Polaris; 
you also see many circumpolar stars. During the year, you 
will see all the stars in the northern half of the star-
sphere. You will also see a great many, but not all, of the 
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stars in the southern half. 
/ 
/ 
/ 
?~L-
Figure 8. A Diagram Illustrating How the Earth's 
Circumference is Determined. 
Now, by 300 B.D., travelers had ranged from about 10° 
latitude to 50° latitude, brought back to Greece reports as 
to what stars they had seen. The Southern reports (10°) 
brought details of stars never seen in Egypt or Greece, in-
cluding the Southern Cross. The Northern reports (50°) told 
of more circumpolar stars, and the loss of many of the more 
southern stars. 
Confronted with these reports, the Greeks reversed the 
arguments which the writer has just sketched out, and cor-
rectly concluded that the only possible explanation was to 
have the earth round (note again that it makes no difference 
whether the stars go round and the earth stays put, or the 
earth goes round and the stars stay put, or whether both 
move). 
4. The Earth's Circumference (225 B.C.) 
How Eratosthenes arrived at his discovery.-- The most 
famous early determination of the earth's circumference was 
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;veiJitie~1 ]Hille at S.yeltc (S) ..,....,.. the med.eJ?n AswaB -- eas-t ne 
sl\l.ad0:w at neen, but that:· a vertie't:t.l pale at Alexanhia · (.A) 
m.a,de an angle (X) of seven a:rad ene fifth degrees with the 
sun's rays. / 
/ 
Figur.e 8 (a) 
The sun is so far away that he logically assumed the sun's 
;rays Go"Jald.l:>e considered parallel. The angle atthe center 
( SOA) 0£ the earth is seven and ene fifth degree'S ·i:!;,l·S:@.:~ 
Butf-Yg.evgn and one fifth is e~aetly ene fiftieth Ct:f··360° 
(all t~e way reund). So, the distance from SyesEte 
Alexandria. is one :fiftieth of the circumference of the 
earth •. .Alexandria is practically due north of Syawt, and 
the dis.-&ance ~between the ·twa cities was known to be abe'CI.t 
5®0 c··miJ;e,s. He-nee, the eireum.fere·nce o·f the earth ~:i:'S' abaut" 
2-6. ;®®0 ·lnil;es. 
Pher.e is a:a element of doubt in -tlais because 
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Eratosthenes gave distances in Greek stadia, and there is 
some uncertainty as to how long a stadium actually was. 
And, of course, his measurements of angles and distances 
were fairly rough approximations. 
4. Star Maps 
Construction of a star map.-- If you think of the stars 
as set in a large sphere (a sound idea) and make a small 
edition of the sphere with the stars painted on the outside 
surface, the trouble is that the groups of stars are all 
mirror reversed: 
looks like '*- .. .,... - -~ 
_.'f-··· : ; 
"'*"- .i-... .;. 
*• . . .,... . ---IF • - - .,t. 
. ' 
- ,. .... -
•-fi-
Figure 9. A Diagram Illustrating Mirror Reversed Stars. 
The only way to have it right is to get inside the 
sphere and then, on the inside curved surface you see things 
the way you see them in the sky. That is the principle upon 
which a modern Planetarium operates, and it is a splendid 
principle. 
The star globe and the Planetarium are not maps. , A map 
is a projection of the curved spherical surface onto a flat 
piece of paper. Now a curved spherical surface simply can 
not be flattened out. without stretching it, 'so we have the 
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lamentable fact that all star maps are bad. By bad, the 
writer simply means that the map does not show the groups of 
stars in their true proportions. You can get them in, but 
you pay a price; the pictures are distorted, in some regions 
very badly distorted. 
The ancient Greeks knew this, and they experimented 
with various methods of keeping the distortions down to a 
minimum: make a map with Polaris at the center; on the 
celestial sphere every star is on the radiant line out from 
Polaris and at a certain distance; on the map make the 
radiant lines the rays of a spider web, and put stars in the 
proper rays and at proportional distances from Polaris. 
When you do this, Y<>U get a 11 star map" of which figure (6) 
shows a few details. For the moment, please ignore the 
flattened curves with the names "Aries --- Taurus ---
Gemini --- etc.n 
Your first impression will be that the directions are 
all wrong. Actually, they ar.e correct. Face north, take 
the star map, and swing it up in front of you, so that the 
line marked N:Cu;:b~ is towards the north, and you will see 
that East and West are where they should be. 
Correct way to use a star map.-- Consider yourself 
standing facing north, holding this map above your head. 
You can see everything within the dotted oval. The edge of 
the oval is your horizon. The Big Dipper is right in front 
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of you, very close to the horizon, and bowl up. Polaris is 
higher, due north of you. The point in the sky directly 
above you is marked .g., for zenit~. West of you is Cygnus, 
the Swan. South of you is. the square of Pegasus. Under 
very favorable conditions, you may be able to see the 
brilliant star Fomalhaut, which is very low to the South. 
Orion i-s gm:~;st rising in the East. Far to the southeast 
you can see Cetus, the whale. The whale in the sky will 
look a lot fatter than the whale on the star map. If you 
ask why astronomers do not make maps that are right, the 
answer is simpl~ -- it can't be done. 
The outer circle represents the extreme limits of the 
stars that can be seen. The region between the dotted oval 
and the outside circle contains stars which cannot be seen 
at 9 P.M., November first, but can be seen on other nights of 
the year. Stars beyond the outer circle can never be seen 
in all parts of the world, but can be seen by going to other 
parts. 
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Figure 10. A Diagram of the Celestial Shpere Showing the 
Location of a Few Major Constellations. 
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5. The Seven Planets of the Greeks 
Their relative positions.-- One understandable thing 
about the stars is that, although they move in circles, they 
maintain the same relative :positions. Hence, they are 
called !':fixed.stars,n that is, stars fixed in that very 
distant make-believe celestial sphere. 
But the Greeks saw seven lights u:p in the sky which 
were not fixed, but moved around the fixed stars. They 
called them the Wanderers. The seven Wanderers were: 
Moon 
Mercury 
Venus 
Sun 
Mars 
Jupiter 
Saturn 
It may seem unusual to refer to the sun and moon as 
Planets, but to the Greeks the dist.inction was between 
fixed and wandering. The Greeks recognized that the sun 
gave heat and light, and that the moon shone at night. The 
other five looked like other stars to them (they had no 
telescopes), but they did not behave like fixed stars; they 
wandered. 
When they (Greeks) said the sun wandered among the 
stars, they referred, of course, to the stars that would be 
there and visible if the light of the sun did not cut them 
off. Once in a long while, the moon got between the earth 
and the sun and completely cut off the light of the sun (we 
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call this a total solar eclipse). Then, for a brief moment, 
the stars would pop into view, and they were -e-xactly the 
right stars, in the right selective places, which must have 
been very reassuring. 
The paths of the wanderers.-- Now, these wanderers (the 
Planets), do not wander all over the star sphere, but stick 
very closely to one path. (From now on, for simplicity, the 
writer is going to assume that they ~11 stay exactly on the 
same path as the sun, which is not quite true, but greatly 
simplifies a very confused situation.) This path is called 
the EcliptiR. It is not an easy thing to visualize. The 
dictionary describes it as: 11 That great circle of the 
celestial sphere which is the apparent path of the sun 
among the starsfl/ This is accurate and complete, but 
practically meaningless to every one but a professional 
astronomer, or an early Greek. The following picture is the 
1/.A. Merriam Webster·, Ecliptic, Webster New Collegiate 
Dictionary, G. & C. Merriam Co., Springfield, Mass. 
1958, :i?· 260. 
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best the writer can draw. 
Figure 11. An Illustration of the Great Circle of the 
Universe. 
The great circle of the universe.-- The earth is the 
little circle in the middle, with a flagstaff at the North 
Pole. t\ 1/ The big circle is the 11 celestial sphere,- with 
Polaris (P) on the top. The c'ircle (X)-(A)-(Y)-(C) around 
the middle is directly above the points on the earth's 
equator. A slanting plane through the center of the earth 
cuts the celestial sphere in the circle (A)-(B)-(C)-(D}; 
this circle is the ecliptic. The angle between the equator-
ial plane and the eliptic is 23f degrees. It is along this 
eliptic path that the Wanderers move, and always in the 
direction (A)-(B)-(C)-(D). 
Do not forget that this picture is one in which we are 
!/Angus Armitage, The World of Copernicus, The New American 
Library of World Literature, Inc., New York, 1958, pp. 16-49. 
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outside this bowl and looking in. Now get inside the bowl. 
Sit (in White River Junction) on the front side of the earth 
with your back to the North Pole. Then (X) is to your left 
(east), (A) is south, (y) is west. The celestial sphere 
turns from (X)-(A)-(Y)-(C) East to West. 
How the celestial sphere -operates.-- The turning celes-
tial sphere carries the ecliptic along with it. From our 
vantage point (half way up the earth from the equator to the 
North Pole) if the ecliptic was a rainbow on the celestial 
sphere and visible by day and night, we would always see an 
arc very roughly from east to west and always south of the 
1/ This arc would be __ high at a summer noon (or a n zenith. u_ 
winter midnight) and low during a winter noon (or a summer 
midnight); we could always see half of it, and half would be 
below the horizon. This rainbow ecliptic would roll around 
in a curious manner. 
Path and rate of speed of the wanderers as they travel 
on the eliptic.-- Now the Wanderers stay on the ecliptic, 
but they move, slowly, in the direction (A)-(B)-(C)-(D). 
Since this is opposite to the general celestial rotation 
(X-A-Y-C), and since the general celestial rotation, as we 
see it, is east to west, the Wanderers move among the stars 
from west to east. 
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The Wanderers move very slowly on the ecliptic. 
General celestial rotation is very rapid; so the Wanderers 
always seem to , during an evening, move from east to west. 
But they do not move quite as fast as the fixed starsl 
The various constellations.-- On the celestial sphere, 
along the path of the ecliptic, arranged at practically 
equal distances, are twelve constellations, or groups of 
stars. These are very old and very famous. They are called 
Aries . .............. . 
Taurus 
Gemini ••.•••••••••• 
Cancer ..........•.. 
Leo .••....••...•.... 
Virgo ............. . 
Libra •••••••••.•••• 
Scorpio ••...•.••••• 
Sagittarius .••••••• 
Capricornus •••••••• 
Aguarius ....•....•. 
Pisces ••••••••••••• 
the Ram 
the Bull 
the Twins 
the Crab 
the Lion 
the Virgin 
the Scales 
the Scorpion 
the Archer 
the Goat 
the Water-bearer 
the Fishes 
It is not at all necessary to learn these, but if you like 
miscellaneous data, here is a memory device by none other 
than the Reverend Isaac Watts (author of that memorable 
classic: ttHow dmth the little busy bee / Improve each 
shining hour ---" 
ttThe Ram, the Bull, the Heavenly Twins, 
And next the Crab, the Lion shines, 
The Virgin and the Scales, 
The Scorpion, Archer, and He-Goat 
The man who bears the 1Vatering-Pot, 1 ; The Fish with shining tails. 11 -
1/Isaac Watts, The Children's Classics, The Macmillan 
Company, New York, 1946, p. 34 
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The group of stars called Aries, the Ram, for example, 
looks exactly like a Ram. If you take the stars of the con-
stellation, and draw a good Ram with one star in its head, a 
star in each of its hornst and a few scattered around the 
body, you have drawn a good-looking Ram. It is through this 
collection of human beings, animals, and unlikely compro-
mises that the Wanderers move. 
On the flstar map,n.!/ you remember the situation is 
geared to 9 P.M., November .1, and the visible region is in-
side the dotted oval. The sun is actually in Scorpio, well 
below the horizon, which is to be expected at 9 P.M. in 
November. The constellation Cancer is rising in the East, 
actually northeast; and the visible signs of the ecliptic 
are: Cancer, Gemini, Taurus, Aries, Pisces, and Aquarius, 
which is southwest. All of the rest are below the horizon 
and are invisible. 
Path of sun relative to the stars.-- Of all the Wander-
ers, the sun is the best-behaved. Its path among the stars 
is always exactly the ecliptic (naturally because its path 
is the definition of ecliptic). The sun acts' as if it were 
a star, rising in the east and setting in the west; it (if 
you could see them) moves right along with the stars near it, 
!/Bernhard-Bennett-Rice, Handbook of the Heavens, McGraw Hill 
Book Company, Inc., New York, 1958, pp. 34-35 and pp. 240-
242. 
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but with thi~ exception - it slips behind just a little 
every day. Relative to the stars, it moves from west to 
east. In the course of the year, it slips all the way 
around the ecliptic. On March 21 (the beginning of spring), 
it is at the beginning of Aries. At a steady rate of a con-
stellation a month, it moves through Aries, TctUt!llS.:·::andd 
Gemini, and enters Cancer on June 21, the beginning of 
$ 
\' 
summer. Notice from the star map that it is now near 
Polaris, which means that at noon it is higher up in the 
sky than it is at any other time of the year. By September 
23, it enters Libra (beginning of autumn) and on December 21 
it enters Capricornus. It is then farthest from Polaris, 
and so it is at its lowest at noon and makes a brief 
visible trip across the sky. On March 21, it re-enters 
Aries and repeats the trip all over again. The time for 
such a trip is 365.2422 days. The decimal here is annoying, 
and has given astronomers and calendar makers a lot of 
trouble, but it certainly gave the human race plenty of in-
centive to develop arithmetic. 
Length of the four seasons.-- There are a couple of 
jokers in this picture. The length of the four seasons are 
not the same: Summer is about four days longer than wi:Jiter. 
Worst of all is the fact which annoyed the Greeks a good 
deal: The udaysn are not the same length. Every day, there 
is a time when the sun casts its shortest shadow. It is 
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then due south, and we call it local noon. Now from local 
noon on one day to local noon the next day, is not a fixed 
length of time; it varies (our day of 24 hours is an average 
of these local noon-to-noon affairs). This means that a sun 
dial is practically never 11 correct.n The stars are much 
better timekeepers than the sun. 
The star map is also properly oriented for noon, 
March 21. Face north, hold it above your head with nnorthn 
to the North. Then East and West are respectively to your 
right and left, as they should be. Directly above you is 
the point ~ • The sun is exactly at the intersection of the 
North-south line and the ecliptic, between the words H.Aries 
and Pisces. 11 The sun is, in fact, just ttentering .Aries.n 
Notice that as you hold this map, Taurus and Gemini are to 
the East; so that as the sun in the next few months moves on 
the ecliptic it travels from west to east. 
When Chaucer wrote in the UProloguetl to the 11 Canterbury 
Tales: 11 
tt ..... and the yonge sonne 
Hath in the Ram his halfe course y-ronne.n 
he is merely telling you that it is half a month (15 days) 
after the twenty first of March; that is, early April, and a 
very good time to go on a pilgrimage. 
The path of the moon.-- The moon also moves against the 
stars on the ecliptic, and in the same direction as the sun; 
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that is, from west to east. But the moon moves thirteen 
times as fast as the sun and, on the average, takes twenty-
seven and one third days to go all the way around (but this 
time may be as much as seven hours more, or less than the 
actual time). Thus, the moon seems to slip behind the stars 
quite rapidly, and is in a noticeably different position on 
two successive nights, even in a few hours of one night. 
Chief observation of the Greeks.-- What the Greeks 
noticed, and what we seldom observe, is the fact that the 
moon is clearly visible in the sky on many days during the 
daytime, and for long periods of time. 
Of course, the most striking thing about the moon is the 
tremendous difference in its appearance. For a few days in 
each month, you can not see it at all; then it appears as a 
thin crescent in the west, just after sunset. It increases 
to a half-moon which rises at noon,south at sunset, and 
sets about midnight. A week later it is full, rising about 
the time the sun sets, and shines all night. Then it wanes 
to third quarter, rising at midnight, and finally to a cres-
cent, then it disappears. Running time for a complete cycle 
of phases is about twenty-nine and a half days: this may be 
12 hours more or less -- a most unreliable timekeeper it is; 
even poorer than the sun. 
Speed of the moon as compared to that of the sun.--
Boston University 
S.tlool o:f EducatioD 
Librar~ / 
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Compared to the sun, the moon moves so rapidly on the 
ecliptic, that every twenty-nine and one half days, the moon 
laps the sun. Since the moon refuses to stay on the ecliptic 
but wanders above and below in an irregular manner, the moon 
usually passes above or below the sun. Once in awhile, it 
passes right across the sun, and then the sun is eclipsed. 
This proves that the sun is farther away than the moon. 
But here is a fact: ~ometimes the moon covers up the sun 
entirely, and other times, the moon is not quite big enough 
to cover up the sun, but leaves a little ring of light all 
around the edge. So one, or the other, or both, must have 
changed in apparent size as viewed from the earth. This 
might be affected by having them expand and contract in size, 
which does not seem likely; or it might be affected by 
having one, or both at different distances from the earth at 
different times. This would mean that they did not move in 
perfect circles above the earth. 
Eclipses and their causes.-- When the earth, the sun, 
and moon line up in order of one opposite the other, the 
earth cuts off the sun's light from the moon, and we get an 
eclipse of the moon. The Greeks noticed that as the earth 1 s 
shadow came onto the moon, it was circular. This does not 
prove the earth is rorind , because under certain aspects a 
cylinder or a doughnut can look round. But no matter which 
part of the earth's surface furnished the shadow, it was 
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round; this was good strengthening evidence that the earth 
was spherical in shape. 
One further rather surprising fact is that from data, 
furnished by observations on eclipses of the moon, the 
Greeks determined the actual distances from the earth to the 
moon and to the sun, and the actual diameters of the moon and 
of the sun. The observations were made with imperfect in-
struments, and the re.sul ts contained substantial errors, but 
the methods were scientifically sound. 
6. The Other Five Planets 
Traveling time of' each wanderer around sun.-- The five 
other Wanderers known to the ancients were: Mercury, Venus, 
Mars, Jupiter and Saturn. These all move on the ecliptic 
from west to east. 
Mercury and Venus sometimes take more than a year, 
sometimes less; but they average exactly one year for the 
trip. The Greeks recognized that in some curious way these 
two were associated with the sun - how, they did not know -
and that the others definitely were not. 
Mars' cycle around the ecliptic takes 687 days on the 
average. Jupiter's average is 12 years. Saturn's average 
is 29 years. Saturn would thus take about two weeks to move 
a distance equal to the moon's diameter. 
Other observations of the Greeks.-- How far away these 
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£ive Wanderers were from the earth, the Greeks could not 
tell, except for one observed fact. The moon was nearer to 
the earth than any of the Wanderers. When the moon in its 
rapid passage along the ecliptic overtook one of these five 
planets, the light o£ the planet was instantly snu££ed out. 
One hour (or less) later, the planet re~ppeared on the op-
posite side. The same observation was also made in regard 
to £ixed stars near the ecliptic, notably the bright star 
we now call Aldebaran. Hence., it was proved that the moon 
was nearer the earth than any of the Wanderers; and since it 
was nearer than some stars, it was a reasonable assumption 
that it was nearer than all of them. 
The curious movements of the wanderers.-- The most 
remarkable thing about these five Wanderers was that, al-
though they usually moved along the ecliptic £rom west to 
east, every little while they would slow down, stop, and 
move backwards £rom east to west, slow down, stop, and then 
proceed normally from west to east. It was remarkably true 
in the case of Mars, and to some extent true in others, that 
a planet was brighter when it moved backwards. 
Hence, these were called stars of retrograde motion. 
The details are not at all important, but are supplied to 
show what an apparently illogical circus is going onj the 
periods for these peculiar motions are: 
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Venus 
Mercury 
Mars 
Jupiter 
Saturn 
584 days 
116 days 
780 days 
399 days 
378 days 
The preceding pages have sketched the observations 
that almost every intelligent Greek student had made for 
himself 2,000 years ago. Relatively few of our students 
know them today. These observed facts do not seem of much 
importance to most of our students, even when pointed out to 
them; they do not get interested in or excited about them. 
It is not a primary purpose of this history to arouse 
interest and curiosity. What the writer is endeavoring to 
do is this: Here are the facts, how has the human race ex-
plained them? It should be pretty obvious (by this time) 
that a star of retrograde motion is going to give the human 
race a hard time. 
Characteristics of a good scientific theory.-- A good 
explanation, that is a good scientific theory, should be as 
simple as possible; it should account for all the observed 
facts; and it should accurately predict the future. For the 
time being, let us not worry too much about the word ntrue.n 
55 
= 
CHAPTER IV 
GEOCENTRIC TIMES (140 A.D.) 
1. The Birth of Ptolemaic Theory 
The earth as the center of the solar system.-- In 140 
A.D. the earth was thought to be immovable, and was the 
center of things. About the earth were eight material, but 
transparent spheres. Attached to, and moving with these 
spheres were, in order: 
Moon 
Mercury 
Venus 
Sun 
Mars 
Jupiter 
Saturn 
The fixed stars 
These nested spheres retated once a day (actually 23 hours 
and 56 minutes) to give the general daily motion. (The 
exact nature and even material existence of these spheres 
differed in the various accounts. Some accounts put Venus 
and Mercury farther away than the sun.) 
On the most distant sphere, the fixed stars were pinned 
and immovable as far as the sphere was concerned. On or near 
the sphere for a Wanderer, there is a circle!/ located 
1/See Figures 10 and 11, pp. 42, 45. 
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near the plane of the ecliptic. This circle was called the 
udeferent.n The deferent rotates slowly from west to east. 
The Wanderers, pinned to one end of the deferent, move with 
the deferent against the stars from west to east, at the 
same time enjoying the general east-west rotation of the 
sphere. 
2. The Gadgets of Ptolemy 
The names and functions of the gadgets.-- No matter how 
the spheres and deferents are arranged, they cannot com-
pletely account for what the Wanderers actually do. So some 
new devices or gadgets must be added. Ptolemy and all his 
followers adopted a curious ground rule: A legitimate 
gadget must involve circular motion, and nothing else (it 
was not until 1609 A.D. that Kepler dared to upset this 
convention) • 
Three of these gadgets will be mentioned briefly: 
1. The Eccentric: T~is consisted in permitting the 
deferent to have its center not at the center 
of the ear-bh. 
2. The Equant: This permi tt.ed the deferent to 
rotate uniformly not about its center, but 
about some other point. This valuable device 
enables the sun to move sometimes faster, 
sometimes slower in the ecliptic, and that is 
what it actually does. 
57 
( 
3. The Epicycle: This extremely entertaining gad-
get makes things go backwards and, hence, 
accounts for retrograde motion. Suppose, for 
instance, you have a planet like Mercury which 
retrogrades approximately three times a year. 
Fix up your deferent where it will do the most 
good (with or without eccentric or equant). 
Pin the planet P on the rim of an auxilliary 
circle, whose center moves around the deferent; 
a 
Figure 12. (a) Describes an Epicycle and (b) Shows the 
Path the Planet Traces - Epicycloid. 
let the auxilliary circle rotate indepeddently 
as its center moves. This auxilliary circle 
is the Hepicycle 11 ; the curve which the planet 
traces is the ttepicycloid.nl/ 
1:./Ibid., pp. 34-35. 
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The movement of an epicycloid.-- Now, if the epicycloid 
rolls round four times as it circles the deferent, the epi-
oycloid will have three loops and three bulges. On about 
half of the inside of each of these loops, the planet, as 
viewed from the earth, appears to go backwards. When it 
goes backwards, nit is nearer the earth, and hence brighter; 11 
undoubtedly, this is just what the Greeks had noticed. 
3. The Important Functions of Epicycles 
&reek astronomy, culminating in Ptolemy's tiThe 
Almagisttt (140 A.D.), employed then: 
1. a stationary earth 
2. a general rotation of eight spheres 
3. deferents, eccentric, equants, and epicycles. for 
the Wanderers. 
It is much more complicated than these brief discussions 
suggest. If one epicy~le is not enough -- and it never is -
put an epicycle on an epicycle, on an epicycle on.an eccen-
tric deferent. Ptolemy's completed system involved more 
than thirty epicycles, and there was no such thing as a 
final system. · Ptolemy 1-s- successors would add an epicycle 
here, and an equant there to fit the facts better (the 
technical expression was ttsave the appearances 11 ). By the 
sixteenth century, some variants had as many as seventy-nine 
epicycles. 
Ptolemy's s¥stem.-- But Ptolemy's system worked. It 
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accounted for everything, and allowed predictions to be made 
many years in the future with considerable confidence. 
There might have been need for minor adjustments from time 
to time, but the system worked. 
The question of how~ all this business was, is a 
difficult one, and certainly opinions varied. Generally, 
the crystalline spheres were thought of as actual material, 
solid, transparent objects which turned around. The stars 
and Wanderers were solid objects which would inevitably 
have fallen to the earth if they had not been restrained by 
these spheres. 
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CHAPTER V 
HELIOCENTRIC TIMES (1543 A.D.) 
1. Ptolemaic Theory Versus 
Copernican Theory 
The birth of a new system.-- The first real challenge 
to the Ptolemaic Theory came from Copernicus, who produced, 
after many years' labor, a thorough, complete astxonumical 
system for which the sun should be the center. His great 
book, nne Revolutionibus Orbium Caelestium,n was published 
the year of his death, 1543 A.D. 
The new idea was that the sun was the center of things. 
Since that is the idea we have today, it is reasonable for 
us to think of it as an important idea. The sixteenth 
century was not so much interested in ideas as in systems 
that worked. The immediate contribution of Copernicus was 
not an idea, it was uidea- supported by-a-system." In the 
long run it turned out that the idea was good and the system 
was bad, but they did not know that then. 
The system of Copernicus.-- Copernicus's System was 
this: Immovable, fixed at the center of things was the sun. 
Around the sun, attached to our old friends the crystalline 
spheres, rotated in order: 
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Mercury 
Earth 
Mars 
Jupiter 
Saturn 
The fixed stars, except that these did 
not rotate. 
The Moon is an exception to this rule. The Moon is to 
rotate about the ~arth (in fact, it pretty well has to, in 
this system or any other system). 
The idea was radical, the System which backed it up was 
hopelessly conservative. Copernicus never thought of break-
ing the old Greek Ptolemaic tradition of depending on 
circular motion. In fact, he argued strenuously, and quite 
erronously, that circles are inevitable. 
The gadget Copernicus used.-- So, he resorted to the 
old face-saving gadgets: deferents, eccentrics, and epi-
cycles. There is no profit going into too much detail here, 
but it may be said that in both the Ptolemaic and Copernican 
Theories (and remember they are patchwork theories), the 
really effective gadget is the epicycle. This may produce 
retrograde motion, but this, also, may produce a continuous 
weaving motion, without any spectacular loops. Now, it is a 
curious fact that, under the Copernican System, retrograde 
motion can be explained without using the more spectacular 
loop epicycles. Copernicus did not utilize this fact, but 
used any and every type of epicycle piled on epicycle, 
provided the combination worked. Copernicus had a curious 
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prejudice against equants, and was, perha~s, unnecessarily 
proud of the fact that he succeeded in eliminating them 
from his System. 
The complete Copernican System was nearly, but not 
quite, as complicated as the sixteenth century versions of 
the Ptolemaic System. It is an important fact that both 
worked; in most respects they worked just about equally well 
for the observations of that time. For the next seventy 
odd years, some astronomers favored one, others favored the 
other. Viewed as objectively as possible, the writer is 
inclined to think that he would have preferred. the 
"Copernican Theory, 11 because it handled Mercury and Venus 
in a less arbitrary manner. 
The discovery of Peancellier.-- As recently as 1864, it 
was finally established by the French scientist, Peancellier 
that a combination of circular motions could actually pro-
duce motion in a straight line. As soon as this was really 
understood, mathematicians proved that any motion in any 
kind of a curve could be manufactured from circular motions. 
Neither mechanically nor mathematically is this usually the 
simplest way of doing it, but it can be done. Hence, if a 
Wanderer came along under Saturnic (or other) influence, 
and proceeded to put on a celestial show like this: 
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a mathematician could match it with a few dozen Greek 
gadgets thus, it would not make the slightest difference 
whether he used the Ptolemaic or Copernican Theory. 
The big advantage of the Copernican system.-- On the 
question of how real all this was, apparently, the comments 
at the end of the section on Ptolemaic Theory still hold, 
although the writer suspected that the gadgets were losing 
their real physical existence. One really big advantage did 
accrue to the Copernican System. Assuming it is true, you 
can find interplanetary,distances. We noted that the Greeks 
had found the distance from the earth to the moon and to the 
sun, and they had observed that the moon was the celestial 
object nearer the earth that is all you can do under the 
Ptolemaic System -- you cannot even show that Jupiter is 
farther away than Mars. But under the Copernican Theory, 
distances can be found, provided the right observations are 
made. 
2. Observations of 
Tycho Brahe (1576-1601) 
Three years after the publication of Copernicus's 
ttDe Revolutionibus,n Tycho Brahe was born, destined to be-
come the most enthusiastic and single-minded astronomical 
observer the world has ever seen. He wa.s a Danish nobleman, 
trained in the best European universities.· He was wealthy, 
and received large gifts from the king, including the grant 
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of ~he Island of Hven in the Baltic Sea. On this lit~le 
island, he erected a fantas~ic observa~ory, complete with 
instruments, library, chemical labora~ory, glassworks, 
prin~ing press, and prison.' This was ~he firs~ building 
ever constructed with running water in all the principal 
rooms, including ~he bedrooms. 
tannery, brewery and corn mill. 
There was also a paper mill, 
For a period of more than 
~wenty years, he and his assistan~s compiled remarkably 
complete and accurate data (particularly on the planets). 
The sys~em of Brahe.-- Tycho was not a follower of 
Copernicus. He had reasons and they seemed to him very 
good ones --why ~he sun could not be the center of things. 
Since he had many assistants, some of whom became eminen~ 
as~ronomers, he exercised a rather s~rong conservative in-
fluence in the la~e sixteenth cen~ury. 
Although not a Copernican, he found great difficul~ies 
in believing and accepting the Ptolemaic System. Eventually, 
he developed a system of his own: a very intelligen~ mixture 
of ~he two older systems. He believed that Mercury, Venus, 
Mars, Jupiter and Saturn.moved around the sun. But ~he 
ear~h was the center of ~his system, and that the moon, ~he 
sun with its family, and the fixed stars rota~ed abou~ the 
Ear~h. 
Why Brahe's theory did no~ prove popular.-- The 
Tychonian Theory certainly seemed to be a very sensible one, 
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but the stubborn historical ~act is that only Tycho believed 
in it, and apparently no one else. The writer does not know 
why this happened, and perhaps no one can do more than guess 
at the reasons why this apparently very attractive theory 
did not prove popular. These guesses -- for whatever they 
are worth, might be phrased: 
1. Tycho Brahe was an arrogant, domineering person, and 
pe.ople resent being bludgeoned into believing some-
thing new. 
2. Is it reasonable to expect that any significant new 
scientific theory should emerge from such a small 
and undistinguished country as Denmark? 
3. Brahe was not a university professor, and the 
scientific world shied away from an individualist 
who did not belong to the guild. 
4. Politics may thrive on compromises, but science may 
or may not. 
Now these reasons may not seem convincing. It may very well 
be that a talented debater of astronomy could make mincemeat 
of them. But the stubborn historical fact remains that 
Brahe 1 s Theory had no influence whatsoever. 
It is essential to keep a true perspective here. 
Brahe's Theory may have been still-born, but his contribution 
to this History is of first importance. His contribution is 
his series of astronomical observations over a period of 
twenty-five years. Without these observations, the next 
steps would have been impossible. 
3. Kepler's Laws (1609-1619) 
Brahe's chief assistant in his later years was Johann 
Kepler, a convinced Copernican. When Brahe died, Kepler 
inherited the great collection of observations which Brahe 
had left. Brahe was a hard-w·orking, patient, plodding, 
accumulating observer. Kepler could also work long, hard, 
and patiently, but, in addition, he was a genius -- and a 
wild one. ·Many of his guesses (that is what they seemed to 
have been) turned out to be spectacularly wrong. But his 
three nLaws,n which, on first appearance, would seem to be 
the wildest of guesses, were actually founded on long and 
patient work, and these turned out to be right. 
The three laws of Kepler.-- Kepler disagreed with Brahe 
on the theory of the Tychonian variant. But he had absolute 
faith in the honesty and accuracy of Brahe's observations. 
In particular, the planet Mars presented small irregularities 
which he could not explain under any of these systems. Of 
course, he could have invented a dozen more epicycles to 
combat the rising tidal wave. He did not. Kepler threw out 
of the window the 2,000-year tradition of circular motion, 
and all the gadgets that went with it. He boldly experi-
mented with other curves - not circles - and eventually 
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came up 'rith his first nLawn: A planet describes an ellipse 
with the sun at one focus. 
Figure 13. Diagram Shows That Path Around Sun Forms an 
Ellipse. 
This was in the year 1609. He had no nproof 11 of this, 
and nothing in the way of an explanation; but it fitted the 
facts; it worked. It is not necessary at this point to 
explain why, as we consider this Law, the planets appear 
from the earth to undergo retrograde motion, but everything 
fell into line. 
Noticing that the motion on this ellipse actually was 
not uniform, he experimented further to see how he could 
11 describefl the motion (not explain it), and he arrived at 
the second 11 Lawtt: 
The straight line joining the planet to the sun sweeps 
out equal areas in equal intervals of time. This is the 
Figure 14. A Diagram That Illustrates How Kepler's Second 
Law can be Used to Compute Planet Distance from 
Sun. 
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explanation for retrograde motion, for the Earth sometimes 
overtakes a planet, and relatively, it seems to fall behind. 
Ten years later, after computing distances to the planets, 
which you remember can be done by observations, if the sun 
is assumed to be the center of things, Kepler announced his 
third 11 Lawtt : 
The squares of the times of revolution of any two 
planets (including the earth) about the sun are proportional 
to the cubes of their mean distances from the sun. 
This Third Law seems to have been arrived at by patient 
trial and error. Kepler took the times (which are easily 
observed), computed the distances (difficult but possible), 
and tried various combinations of times and distances until 
he found one that fitted the facts. 
The popularity of this law.-- Soon after the year 1620, 
Kepler's Laws were known to all European scientists. It had 
to be admitted that these Laws gave be.tter results than 
could be obtained from any of the older theories. Many 
people still believe firmly in the old Ptolemaic Theory, and 
permit the use of Kepler's Laws as a convenient fiction. It 
was 11 as if the earth moved round the sun in an ellipse. 11 
The unceasing and very reasonable question was 11 whyu? 
It was even more of a question than it is now. Although, 
from childhood, we have been pretty thoroughly indoctrinated 
with the idea of the sun at center, the writer thinks it is 
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fair to say that thesei nLawsn seem to us to be surprising, 
i 
and a little unreal. I 
' 
4. The Contributions 
of Galileo (1564-1642) 
Nearly all authors on the changing theories in as-
tronomy overrated the role played by Galileo. Actually, he 
can be omitted without doing violence in this study. But we 
gain perspective and background if we include his contri-
butions, and his curious persecutions. 
I 
I 
The characteristics of Galileo.-- Galilee was an eager, 
inquisitive man: posiiive, determined, a fighter. It was a 
I 
great deal more pleas4nt to have him on your side than 
I 
against you. His sci~ntific interests ranged widely, many 
I 
of them outside our sdope. ¥Then his observations con-
I 
flicted with old esta9lished theories, he was ever ready to 
discard those theories and build new ones. Yet, there was a 
reasonableness, a reliability about the man, which certainly 
was lacking in Kepler~ From his teens, he was a Copernican, 
and the following quotation from his writings is illuminat-
ing because it probably reflects the feelings of the young 
radicals of his day: ! 11 The Copernican Theory explains to me· 
the cause of many phenomena which under the generally 
accepted theory (Ptolemaic) are quite unintelligible."!/ 
!/Fred Hoyle, The Nature of The Universe, The McGraw Hill 
Book Compan~, New York, 1956, pp. 20-60. 
i 
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In the year 1600, he constructed a telescope and made five 
discoveries: 
1. Sunspots 
2. The Mountainslof the Moon 
I 
I 
3. The Four Moon~ of Jupiter 
l 
4. The Rings of Saturn 
' 
5. The Phases ofiVenus 
I 
The discoveries ok Galileo.-- No one of these is 
necessary or sufficient to prove the Copernican Theory. 
! 
' There is not, here, any dramatic discovery, any crucial 
experiment, such as can be found in other science case 
studies. As will appear later, the crucial experiment 
demonstrating the vali~ity of the heliocentric theory was 
not made until the yea~ 1838. Galilee's discoveries con-
' 
stituted supporting evlidence no more. 
! 
A. The sunspots proved that the sun was not fixed in 
space, but rotated on an axis. The appearance and 
the disappea~ance of spots showed that the universe 
is not the r~gid and permanent thing that Aristotle 
would have it, but a changing thing. 
B. Aristotle and all his followers had said that the 
moon was absolutely smooth. With a telescope you 
can see that very obviously it is not. There are 
mountains, ttcratersu and valleys -- just as there 
are on the earth. It is difficult for us today to 
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find anything surprising or significant about this. 
But to Galilee, the significant thing was that, if 
Aristotle was wrong about one thing, he might be 
wrong about other more important things. Perhaps 
virtue exists in demolishing Hinfallible 11 idols. 
C. The proven existence of four moons revolving around 
Jupiter showed that a theory which required every-
thing to go around the earth was not tenable. 
D. The Rings of Saturn (seen but not well understood 
by Galilee) showed a diversity in nature which had 
never been envisioned. 
E. The discovery of the Phases of Venus was by far the 
most significant of his discoveries, although this 
fact was not too clearly recognized then, or later. 
What Galilee saw was Venus in size and shape sue-
cessively as follows: 
0 0 
Figure 14a. Illustration of the Phases of Venus at Various 
Intervals. 
Phenomena such as these can be explained only by having 
Venus rotate about the Sun and shine by reflected light 
from the Sun. Cumulatively, these discoveries threw doubts 
on the philosophy back of the Ptolemaic Theory. They in no 
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sense settled the question as to whether the sun revolves 
about the earth, or.the earth about the sun. 
5. The Dialogue on the Two 
Chief Systems of the World 
Galileo 1 s important work, "The Dialogue on the Two 
Chief Systems of the World, 11 appeared in 1632. Ostensibly, 
it is a fair give-and-take comparison of the Ptolemaic and 
Copernican Systems. Actually (but very subtly), it attempts 
to blow the Ptolemaic Theory sky-high. The Roman Catholic 
Church decided this was heresy. Galileo was summoned to the 
Inquisition. Under thre-at of torture, for once, the old 
warrior weakened, and recanted, at least on paper. 
A disgraceful business; but do not read into this any 
Protestant-Catholic taking of sides. They took sides all 
right, but both on the same side -- against the Copernican 
Theory. The Catholics used the Inquisition, while Martin 
Luther damned the theory with all the eloquence and vigor of 
which he was capable -- and this was considerable. But the 
cause of religion is not well served by such a smug comment 
as: 11Let us learn how to go to Heaven and not how the 
Heavens go.n 
The battle was all over, and had been for years. From 
about 1599 to 1620, astronomers and scientists generally had 
quietly embraced the new Copernican Theory. Kepler's Laws 
(1609-1619) were the clinnhers; and the discoveries of 
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Galileo added confirmation, pleasant even if not positive. 
It is true we are talking about only a few hundred men, but 
they were the men who, in the long run, counted. It is true 
that, among even educated men, the large majority thought 
the heliocentric theory was absurd. It would take time (a 
century or more) before a majority of even educated men saw 
the light. But, imperceptibly, "the tide had turned, and 
certainly by the year 1620 (even though Galileo was still 
fighting it in 1632), the battle was over. There were 
skirmishes and even vicious attacks, but the battle was won. 
The statement that Galileo played only a minor role in 
this case study, must not be misinterpreted to the extent of 
thinking of Galileo as a minor figure. He was a great 
scientist, and a great fighter for freedom. Astronomy with 
him was actually a minor issue; his main interest was in 
dynamics. But to an extent which is impossible today, he 
was a universal scientist; the Copernicans were extremely 
fortunate to have had him on their side. 
But this case study is not a story of a violent, 
dramatic victory of truth over misconception. The Ptolemaic 
Theory was never a superstitious theory (although men like 
Pope Urban VIII and the Protestant Martin Luther used 
superstitious arguments in its favor). It was a perfectly 
respectable scientific theory -- so was the Copernican 
Theory; gradually, thinking-men decided for themselves it 
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was better. Recall the words of young Galileo: nrt 
explains to me the cause of many phenomena which under the 
generally accepted theory are quite unintelligible.n~ The 
Copernican-Keplerian version was so immensely superior that 
any thinking-man who understood it had to admit its 
superiority. 
l/Op. cit., pp. 20-60. 
CHAPTER..:YI 
ISAAC NEWTON'S MAJOR 
CONTRIBUTIONS TO SCIENCE 
1. Newton's Laws and 
Their Consequences (1687) 
The three laws o£ Newton.-- To the question of why 
should Kepler's Laws be true, Isaac Newton found an answer. 
He first laid down three Laws of Motion, which he felt a 
self-respecting universe (in particular, ours) could and 
should obey. 
Law 1. Every body continues in its state of rest, or 
of uniform motion in~ straight line, except in 
so far as· it is compell·ed by impressed force to 
change that state. 
Law 2. The rate of change of momentum is proportional 
to the impressed £orce, and takes place in the 
direction of the straight line in which the 
force acts. 
Law 3. To every action there corresponds an equal 
opposite reaction. 
Newton law of universal gravitation.-- Now, for the 
motion of a planet, he needs some kind of an 11 impressed 
force, 11 and here he lays. down his famous Law of Gravitation: 
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Every ma9Sattracts every other mass with a force which is 
proportional to the square of the distance between the 
masses. Later, we shall want a .:formulation of this Law. 
Let M and m be the masses of the two objects, and by that we 
mean simply that M and m are numbers which tell how many 
units of mass each object contains. Let d stand for the 
distance; that is d is the number of feet the two objects 
are apart. Then the Law is: 
F = K Mm/ci2 
Where ·K is a constant number (the same throughout the 
universe) which depends on the units of mass and distance 
which we use. 
This theory concerns itsel.:f with a field or area of 
some kind. W'hen two gravitational masses attract each 
other, the interaction takes place in a region, area or 
field between the masses. Since objects are influenced by 
other objects; New~on called such a force "action at a 
distance.n What happened in the area between these two 
masses, Newton did not know. 
While his three Laws of Motion do not seem to me to be 
inevitable, the writer can accept them as a good temporary 
working basis. The Law of Gravitation is something else; 
it does not answer the eternal WYfhy'ft? and its very fromula-
tion involves a bigger nwhy?f! 
The writer does not mind the llproportional to the 
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masses; 11 nor does he even mind the "inversely as the square 
of the distance;tt both of these can be rationalized, so that 
he can take that much as a working basis. What the writer 
does mind is that there is such a force, and that it 
operates, apparently, at a distance, also instantaneously, 
also with complete indifference as to what is in between. 
Suppose somewhere off the west coast of Africa is a 
black rock. This rock is made of solid heated materials as 
hot as hell. Standing on another rock opposite this large 
rock with a piece of chalk in my hand, the black rock 
operates instantly on my piece of chalk, and says, 11 Come on 
down and see me.tt The black rock has so many confederates 
on the surface of the eart.h.and throughout the inside of the 
earth that they dominate the situation, and the chalk falls 
but, at the same time, the whole earth rises slightly. This 
is the simple inevitable conclusion of these Laws. Strictly 
speaking, the conditions of this problem are never fulfilled 
in nature, since every particle is attracted by all others 
instead of by a single one; but they are fulfilled in the 
case of each planet and the sun. 
Some of the many applications of gravitation law.--
But it works very well. It tells, with great exactness, 
how long it will be before the chalk is stopped by the rock 
floor. Applied to celestial mechanics, Newton proved: 
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1. If Kepler's first Law holds, and if -there is a 
force of gravitation, this force must obey the 
inverse square law. 
2. If Newton's Laws hold, then Kepler's three Laws 
must hold, because .the Laws of thes~ two men 
are closely related, mathematically. 
It is very clear from his writings that New-ton was not 
happy about this Force of Gravitation. While its nature was 
unknown to him, he did believe in the Law, and he belie-ved 
it was a universal Law, which applied to everything from tae 
tiniest particle to the largest star. And, if he cou~UQ~ 
explain it, he could measure and use it. 
More than that, Newton played with it; deliberately, 
he would take the rules for -the universe, change them, and 
find out what would happen. He would look at his possibly 
somewhat arbitrary formula, F = K Mm/d2 and ask himself! 
l1If I change that 1 2 1 to a 1 3 1 , what would happen? 11 That 
is, suppose we had a universe in which the Law of Gravita-
tion involved the inverse third power of the distance; wha-t 
would a sun and a planet do? And the answer is that the 
Figure 15a. These Diagrams Give the Various Mathematical 
Interpretations of the Universe Using Newton's 
Law of Universal Gravitation. 
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planet would describe a spiral about the sun, approaching 
nearer and nearer, rotating more and more rapidly, until the 
planet plunged into its .fiery doom. 
Suppose the universe had an inverse fourth power law? 
In that case we would have a planet describing part of a 
heart-shaped figure, known mathemati-
c~lly as a cardioid, and eventually 
falling into the sun. 
Figure 15b. 
The inverse fifth powe\- law gave him, of all things, a 
.circle, but with the sun on the 
circumference, not at the center. 
Figure 15c. 
And if the force of gravitation was zero - that is if there 
were not any such thing, a planet would merely pass by a 
Figure 15d. 
sun, moving in a straight line with constant speed, momen-
tarily warmed and lighted, but condemned to an everlasting 
and very cold night. 
These illustrate a few of the universes which Newton 
investigated, and probably some of the results he obtained. 
Why did he do it? And why did he include these science 
fictions in the nprincipia, 11 a book which competent critics 
have called the greatest scientific treatise ever written? 
Some reasons why Newton included science fiction in his 
Principia.-- First, the writer thinks he got intellectual 
pleasure out of cracking off a universe a day. .And you d.o 
not have to be a science major to appreciate that "compara-
tive universaldomn has considerably more scope than. 
comparative anatomy .or comparative literature. 
Second, the writer thinks Newton was human enough to 
want to demonstrate that the calculus -- the mathematical 
technique which he had invented -- was powerful enough to 
handle not merely things in this universe, but in any other 
universe of which he could think. 
Third, Newton was a deeply religious man, and he be-
lieved that a highly intelligent Creator was in back of this 
universe of ours. This Creator had deliberately picked the 
best of all possible universes for his creation. The 
planets go round in periodic ellipses under the inverse 
square law; whereas, in the other universes the inhabitants 
would burn up or freeze to death.· 
Fourth, this is merely surmise on the part of the 
writer, but he thinks Newton came back from these out-of-
this-world excursions with little more confidence that 
Gravitational force (which he still could not explain) is a 
vital, significant thing. 
~1 
How true were Newton's laws?-- Everything now began to 
fall into line for New·ton. The planets did what they were 
supposed to do. The moons of Jupiter, discovered by 
Galileo, behaved towards Jupiter just the way planets be-
haved towards the sun. The comets, which were supposed to 
be completely unreliable, turned out to be highly respect-
able members of the family. The rotations of the planets, 
the flattening of the earth at the Poles, and the effect of 
the moon in causing tides all made sense. 
2. The Experimental Proofs 
Which Came too Late 
We now have two experimental proofs which Kepler and 
his contemporaries did not have: 
1. ttThe determination or stellar parallax," which 
proves the earth moves round the sun. 
2. HThe Foucault Pendulum,u which proves the earth 
rotates on its axis. 
Figure 16. 
in January. 
\ 
\ 
\ 
~ 
If the earth moves around the 
sun, a star 11An would seem to 
us to be in a slightly differen 
position on the celestial 
sphere.in July from what it is 
An Illustration of Faucault Pendulum to 
lletermine Earth's Rotation on its Axis. 
The figure is exaggerated; t.h~ angle S .A. B is 
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very small. But, ever since the time of Copernicus, it has 
been recognized that the c~ucial thing is to detect and 
measure this angle (known technically as stellar parallax). 
Copernicus, Brah:e, and even Galileo with his telescope all 
failed. Brahe indeed proved that if the angle existed, it 
must be so small that there is a tremendous empty space be-
tween_ our solar system and the nearest stars; and he 
considered this a telling argument against a heliocentric 
system. 
The confirming experiment.-- The preceding two experi-
ment had to wait until 1838 when, curiously, three different 
astronomers, using different methods, succeeded in demon-
strating the existence of parall~. It could not have been 
performed much before that date, because adequate instru-
ments did not exist. Even under favorable circumstances, 
the angle is smaller than the angle anbtended by a small 
particle about three miles 
"\ fc I E. 
away. 
Figure 17. 
\I/ \~ rl 
'l 
) 
I 
F Jo 13 
This experiment is most 
easily visualized if we 
think of it as being per-
formed at the North Pole. 
Diagram Illustrating How 
Experiment'' Operates. 
the HConfirming 
A very heavy weight is attached to a long wire, and allowea 
to swing freely as a pendulum. As it swings, a :fine point 
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attached to the lower side of the weight makes a thin line 
A N B in a pan of sand. Now a pendulum continues to swing 
in the same plane, because there is nothing to make it 
deviate. But, presently, the trace in the sand is not AN B, 
but C N D and then, later, E N F. This proves that the pan 
has moved counter-clockwise to the plane of the swinging 
pendulum. The trace is B N A after twelve hours (180° 
rotation) and back to A N B after twenty-four hours rotation. 
By a modified and somewhat more complicated argument, 
this can be adapted to any point on the earth's surface not 
too near the equator. 
As far as the writer sees, any genius from the time of 
Galilee on might have dreamed up this one; no one did until 
Foucault demonstrated this in Paris, in 1851. 
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CHAPTER VII 
THE NINETEENTH CENTURY 
1. The Golden Period o£ 
Astronomy and Science 
(Eighteenth and Nineteenth Centuries) 
From the time o£ Newton to the end of the nineteenth 
century, the astronomers and mathematicians were very happy 
people. Everything went right for them. Nearly every year 
there was added evidence, if any were needed, that Newton•s 
Law of Gravitation was an absolute truth. 
Thus, the seventeenth century discovered nine new moons. 
The eighteenth century discovered fDum new moons. The nine-
teenth century discovered eight new-moons, and all of these 
moons did what they were supposed to do. The nineteenth 
century began in a burst of glory on the very night of 
January 1, 1801, when an asteroid was discovered in the gap 
between Mars and Jupiter; a gap which had annoyed the 
astronomers since the days of Kepler. Then more and more 
asteroids were discovered; the present count is well over 
1200, with new ones coming in every year. And starting with 
Halley 1 s, the return of comets was predicted, and sometimes 
they came back on schedule. 
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The discovery of Neptune.-- No consequence of the 
Newtonian mechanics has been more spectacular than the 
discovery of the Planet Neptune. In 1781, the planet 
Uranus was discovered, and its path in the heavens duly 
calculated. But aU>.:~~ars. later, Uranus was not doing quite 
what it was supposed to do. Two astronomers, .Adams and 
Leverrier, independently, got the idea that these dis.c.rep-
ancies were due to the gravitational pull of an as yet 
undiscovered planet. By the most complicated calculations 
(because, as it were, everything had to be done backwards), 
they determined where a planet.would have to be to do what 
something was evidently doing to Uranus. They worked in-
dependently and deserve equal credit, but Leverrier•s story 
is the more dramatic. He wrote to the Berlin Observatory: 
ttDirect your telescope to a point on the ecliptic in the 
constellation of .Aquarius, in longitude 326°, and you will 
find within a degree of that place a new planet, looking 
like a star of about the ninth magnitude, and having a 
perceptible disk.u They looked on the night of September 
26, 1846, and.there it was. 
Other sciences felt the impact of astronomy.-- Some-
thing of the certainty and inevitability of this scientific 
advance spreads to other fields. Physicists flourished, 
they stepped right up and joined the mathematicians and 
astronomers; these three groups knew the answers. Chemistry 
• 
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changed from a witch cauldron to a highly respectable 
science. Geology threw off .some of the shackles imposed by 
too 11teral religious dogma. Biology began to be something 
more than a catalog. And, wisely or unwisely, the newer 
sciences took the exact physical sciences as their ideal. 
nsee what the astronomers have done, and set that as your 
goal," they said. · 
It was rather confidently expected that universal laws 
would appear not merely in the sciences, but even in the 
realms of economics, government, and sociology. This is not 
the place to develop this thesis in detail, but competent 
authors have found the astronomical discoveries coloring all 
the intellectual thought of these years, and even influenc-
ing the fine arts. 
It was a good old predictable world, and getting better 
all the time. But no one was so. supremely happy, so 
absolutely cocksure as the big three: the mathematicians, 
the astronomers, and the physicists. They knew the word, 
and could settle back comfortably to teach the word to 
younger generations. 
All the new discoveries confirme4 the old truths. 
Thus, when improved telescopes revealed the existence of 
double stars which revolved about each other; the motions 
could be explained, and the future predicted by Newton's 
Law of Gravity which explains the working of our solar 
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system actually as a force everywhere existing in the 
universe. Not that anyone had doubted it, but it was 
pleasant.to have this additional proof! Certainly, for the 
last 200 years, few popular writers on astronomy have ven-
tured to omit it. 
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CHAPTER VIII 
THE TWENTIETH CENTURY 
1. The Dawn o£ the 
Angry Roaring Century 
Some trouble ahead.-- The last £ew lines o£ the pre-
vious chapter, and the heading o£ this chapter imply there 
is great trouble ahead. This is true. An extremely 
reasonable question £or any one to ask is: "But we were 
positive that all the Laws o£ Planetary Motion were proved. 
You said they were. How can there be doubt and trouble?tt 
Not only is this a reasonable question, it is a very 
searching question, and it is one that probably all your 
previous science courses have carefully tried to evade. 
Relation between £acts and proo£.-- What is a proo£? 
Assuming certain hypotheses, we argue logically and come out 
with a result. We say the result is proved. Now suppose 
the result does not square with the £acts. Then, either: 
1. there is a logical error in the argument, or 
2. the hypotheses were not su££icient. 
Let us assume in all this Newtonian celestial 
mechanics that £act 1 can be ruled out. I£ the writer 
would go over all the arguments with you an extremely 
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boring process which would take years -- it is, of course, 
conceivable that you would find errors which scientists have 
overlooked for the last 300 years; conceivable, but very, 
very unlikely. So let us rule out fact one (1) and examine 
·fact two (2). These were the hypotheses Newton used: 
A. ~istances, angles, etc., in our universe are in 
strict accord with Euclid 1 s geometry. 
B. Time is an absolute measurable thing, the same 
everywhere. 
This is enough for a start. It is important to realize 
that these were hypotheses which Newton and all his fol-
lowers used, assuming that they were so obvious, it was not 
worth examining them. If trouble develops, these are the 
hypotheses to examine. And trouble has developed -- so let 
us examine them. 
2. The Postulates of 
Euclid' Sre<@e-.~ma1ry 
This is heavy material. The writer will not include a 
question on this in any discussion. The consensus among a 
large number of professional mathematicians is that this can 
not be explained to senior high students, and this is not a 
fit subject to include in a science course. 
The validity of Euclid's fifth postulate.-- The trouble 
began in the nineteenth century when mathematicians 
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developed suspicions that Euclid's geometry was not the col-
lection of absolute truths that everyone had thought it was. 
Suspicion centered on the Fifth Postulate: ttGiven a line L 
and a point P, not on L, there exists one and only one line 
parallel to L through P.n 
The postulate has. always annoyed geometers, going back 
to Euclid, himself, because it seemed as if it should be 
possible to prove it from the other postulates. Eventually, 
geometers said: 
a. 11 There is exactly one parallel 
b. There are more than one 
c. There are not any. u 
We will try each of these in turn, and S€€ what 
happens. 
Euclid, of course, had developed hypothesis (a). 
Bolyai and Lobachevsky adopted hypothesis (b). Somewhat to 
their surprise they did not run into any trouble, and 
eventually developed a complete non-Euclidian Geometry, 
admittedly a peculiar-looking thing, but logical, and 
internally consistent. These three geometries are all based 
on early postulates of Euclid and have many theorems in 
common; but, as soon as they bring in the Fifth Postulate, 
or its variants, the geometries diverge. Thus, the sum of 
the angles of a triangle is: 
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a. 180° 
b. always less than 180° 
c. always more than 180° 
The other postulates of Euclid.-- The natural question 
to ask is "which is true?tt You may not like this, but the 
answer is that they are all true, in the sense that they 
are logical, consistent developments of an abstract 
science • .A.more significant question is: nwhich corresponds 
more closely to the facts of nature as revealed to us by our 
senses?u and here the answer is: nobody knows. 
Some of the many contributions of Euclidean geometry.--
You have the right to be slightly indignant about this. You 
claim that you were required to measure the angles in 
dozens of triangles and they always added up to 180°. True; 
no instruments have ever shown any discrepancy. But this 
might not be true for a very large triangle, say, one 
formed by Polaris, Fomalhaut, and Ontares. I am afraid we 
shall all have to accept the annoying fact that no observa-
tions can ever prove (a) true, but they might prove (b) or 
(c) true. 
You ask, have not all our civilizations, have not all 
the products of a machine-age been developed on the assump-
tion that Euclid's geometry fits our space? The answer is 
they most certainly have. The introduction of non-Euclidean 
geometry has not produced a single new bulldozer, cigarette, 
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vitamin, plastic, or antibiotic. 
A comparison between Euclidean and non-Euclidean 
geometries.-- The writer knows a little of· each, and the 
difficulty in understanding them. To begin with, the 
Lobachevskian and Riemannian geometries are very much more 
complicated than Euclidean geometry. All the simple 
Euclidean formulas for lengths, areas, vol~unes, have ana-
logous formulas in the other geometries which are much 
harder to use. If a man ever has a le.gi timate choice be-
tween Euclidean geometry and a non-Euclidean geometry, he 
would be unwise to choose the latter. 
The parallelogram law.-- One of the really simple 
things about mechanics in our Euclidean wor~a-day world is 
the fact that the resultant of two forces A and B is the 
force C represented by the diagonal of the parallelogram 
Figure J$. A Diagram Illustrating the Parallelogram 
Principle Which Makes it Possible to 
eompute Stresses and Strains in Machinery. 
formed by the given forces. It is this Parallelogram Law 
which makes it possible to compute stresses and strains in 
structures and in machinery. But this Law could not be true 
in a non-Euclidean World, because parallels are either 
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non-existent or not uniquely defined. And do not ask what 
the non-Euclidean Law of Forces would be, because the writer 
does not know. 
Future prediction.-- In the eyes of professionals, this 
may label the writer as a hopeless fuddy-duddy, but no matter 
what the future has- in s.t.ore,.the writer can not imagine the 
time when Euclidean geometry will not be taught (better, he 
hopes, than we do it now), and when its theorems and formulas 
will not be the dominant feature of the technology of the 
human race. As long as we stay in the range 1/10,000 of an 
inch to a million miles, Euclidean geometry does very well 
indeed. No discrepancy has shown up, and the writer strongly 
believes that none will, because of the logical and consisten-t 
development of postulates, axioms and theorems of the 
Euclidean geometry. 
But, when the distance gets bigger, it may be another 
story. In the solar system, it is roughly three billion 
miles from the sun to the farthest-known planet, Pluto. 
Light, travelling 186,000 miles a second, takes over four 
hours to get to us from Pluto. But the nearest star is 
some 8,000 times farther away than Pluto, and light takes 
four years from the star to us. Even these distances are 
small compared to the 100 million light years to some star-
clusters. 
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3. The Limit of Euclidean Geometry 
Now, it is easy to show that small pieces of these clas-
sical non-Euclidean spaces are almost exactly the same as a 
piece of Euclidean space. If, then, our physical universe 
actually had the characteristics of non-Euclidean space, we 
might never know that fact, provided we observed only a few 
million or billion miles of it. 
On the other hand, it is perfectly possible that some day 
astronomers will see things that will completely eliminate 
Euclidean geometry at least for interstellar space. For ex-
ample: A curious feature of Riemannian Geometry is the fact 
that a straight line is limited in length so, that if you 
move along a line from A to B and keep on going, then, after 
traveling a finite distance, you eventually come back via C 
to A. 
(. A 13 
Figure 19. Diagram Showing How a Finite Distance can be 
traveled. 
Many people will say this is impossible; they are wrong. 
Nearly all people say they can not visualize this, and that 
is true. If physical space partook of the nature of Rie-
0 
mannian geometry, space would be limited in every direction; 
and in answer to the perennial question, 11What is beyond the 
limit?n the answer is, 11 There is.not any beyond. 11 Some 
people refuse to consider anything like this. Remember, you 
had fair warning at the beginning of this section. You can 
quit now; there is worse ahead. 
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We sum this up, then, by saying that abstract geome-
tries, other than Euclid 1 s, are now recognized as logically 
consistent. Our senses bring us the story that limited 
portions of physical space seem to adapt themselves pretty 
well to Euclidean geometry. But this does not contradict 
the fact that a non-Euclidean geometry may afford a much 
better picture of space in large. 
4. The Theories of Light 
What little we actually know about the physical uni-
verse, we have obtained by the use of our senses. Most of 
the nearby data, and all of the distant data, have been 
obtained by our eyes through the medium of light. Nobody 
knows what light is. There are two theories today: First, 
light is a stream of little bullets; second, light is a 
wave motion. Each theory will explain some phenomena, but 
neither will explain all phenomena, so both are used. 
Whatever light is, something moves from an object to 
the eye. The writer calls it light and, on pretty good 
evidence, the writer assumes light travels in a straight 
line. Then he goes fishing. From his vantage point A, he 
A 
·,;_, _..,_,._""::- Yll~TSR " ______ ,_ 
"\. 
"\. 
' ,_, F 
Figure 20. 
~ 
Path of Light ray in Air and Then in Water. 
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sees a fish F. He sees it in the direction A B C and he 
throws his spear in the direction A B C, and the spear moves 
along well in front of the fish which now calmly swims off. 
My companion emits an irritating chuckle, uYou damned fool, 
you have to aim behind him.tt 
The explanation is that light goes from F to A in the 
shortest possible time. Light moves more slowly in thicker 
water, more rapidly in thin air; so light takes a path F B A 
which is greater in distance than the straight line F D A, 
because the longer path includes a shorter water trip. In 
fact, we can find by experiment, the light velocities in air 
and in water, and actually calculate how to throw a spear to 
hit a fish -- an operation which our friend has himself per-
fected by trial and error. 
This explanation does not worry the writer as to whether 
light is a stream of bullets, or a wave, but it is a good 
scientific explanation, because it enables us to spear fish. 
However, in the eighteenth and nineteenth centuries (when 
scientists knew everything) the wave theory was in the 
ascendancy, probably because it had proved itself in the case 
of sound, and, hence, physicists thought it should, there-
fore, be better also for light. Waves (according to 
physicists) need a medium for propagation. Air is such a 
medium and so is water. Air works better for light waves, 
and water works better for sound waves; but there must 
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always be a medium. 
Now consider the light from the sun. There is no 
atmosphere near our earth, and there is what you might call 
atmosphere n~ar the sun; but there are still 90 odd million 
miles in between of empty space. Bullets could traverse it, 
but not waves. So, if light moves in waves, there must be 
some medium for it to move in. Since there is not any 
obvious medium, the only thing to do is to invent one. And 
so the physicists invented a medium, and call it nether.u!/ 
5. Speculations Concerning Ether 
The invention of the ether, which quite possibly does 
not exist, but is supposed to permeate all space and all 
matter, just as the a~alogy is a feeble one - oil per-
meates wool. A cubic inch of a piece of granite has just as 
much of this substance inside it as a cubic inch of vacuum 
in an electric light bulb. Not only that, it permeates the 
space inside an atom, in between whatever little ~~ings that 
are inside an atom. As you wade around in this ocean of 
ether, it streams right through you. And this ether has 
extreme tenuity, absolute continuity, high rigidity and 
high elasticity. Finally, this ether has to be stationary: 
1:_/In the eighteenth and nineteenth centuries, physicists 
speculated concerning ether, a hypothetical, highly elastic, 
perfectly incompressible medium supposed to pervade all 
space. With the rise of relativity, the idea of efuh~r lost 
its \prominence. 
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a medium which has the coexistence with fixed space. Through 
this space and medium, the sun, moon, stars and planets 
move. These properties are absolutely necessary to make it 
llwork.tt It does seem a lot to ask of a medium which no one 
has ever seen, heard, touched, tasted, or smelled. 
Getting back to our fish. The assumption now is that 
the everywhere-present ether carries the light waves; the 
air slows the light up a bit; the water slows it up quite a 
lot; and opaque substances stop the light dead. 
The ancient theatrical producers used the expression: 
ndeus ex machina,n referring to a standard device of 
bringing on a god by stage machinery to solve difficulties. 
Comparisons and analogies are always tricky, and someti.mes 
downright unfair, but this ether had all the assets o£. a 
11 deus ex machina 11 -assets and liabilities. 
6. Differences Between the Two Theories 
One of the big differences between a wave and a bullet 
is this. You start a wave going, and then it trave.ls with 
the speed appropriate to the wave-length and the medium, 
and this speed is quite independent of any initial velocity 
that you gave it when you started it. Consider sound which 
travels through the air at 1100 feet per second. If your 
airplane is traveling 500 feet a second, the sound of your 
motor does not move 1600 feet a second through the air, but 
spreads out from that point in all directions at the 
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s~andard 1100. You can not make sound go faster by giving 
it an initial shove. And if you speed your plane up to 1200 
feet a second, nothing ahead of you can hear you coming until 
you hit it. 
But if you shoot bullets at 600 feet a second ahead of 
you, when you are traveling 800 feet a second, the bulle~s 
travel 1400 feet a second through the air; and if you shoot 
backwards, the bullets travel 200 feet a second forwards in 
the direction you are going. Now, when it comes to light, 
~xperiments show conclusively that it travels 186,000 miles 
a second, and quite independently of the light-source. 
To a young student of science, that would seem to be 
pretty fair evidence that light travels as a wave, no~ as a 
bullet. But physics tells us it is not that easy to under-
stand, fully, the theory of light. Nothing travels faster 
than light. So, if you travel 100,000 miles a second, and 
shoot bullets at 90,000 miles a second, the plain arithmetic 
of it is: 100,000 + 90,000 = 186,000 (or less). 
It ought to be pretty obvious that you can not keep doing 
this kind of addition without being questioned seriously. 
7. The Experiment of 
Morley and Michelson 
In 1881 ~wo .American physicists, .A • .A. Michelson and 
E. W. Morley devised an experiment which would check the 
idea that there is a stationary ether through which the 
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earth moves. The earth, moving round the sun, travels about 
twenty miles a second (relative to the sun). Of course, the 
sun might, itself, be moving through the ether, and this 
might add to or subtract from its velocity'; but no matter 
what the sun was doing, at some time during the year, the 
earth should be moving through the ether with a speed of at 
least twenty miles a second. Although twenty is small 
compared to the velocity of light (186,000), an apparatus 
delicate enough to detect a variation of even a fraction of 
a mile per second in the enormous velocity of light, this 
instrument, called the HMichelson- Morley inter+;erometer,n 
was set up. The experiment was made with this result: 
' 11 There was no difference whatsoever in, .the velocity of light 
beams regardless of their direction."1:/This ~xperiment con-
fronted scientists with an embarrassing alternative. 
Scientists could either discard the ether theory, which had 
explained. so many things about light, electricity and 
magnetism, or they could retain the ether and abandon the 
Copernican Theory that the earth is in motion. It was a 
serious dilemma and one that split scientific thought for 
almost a quarter of a century. 
The consequences of this experiment.-- The consequences 
of this are quite fantastic. It follows that two observers 
moving relative to each other, can not agree on! 
Simultaneity, Time, Distance • 
.!,/E. C. Mill-er disagreed also. 
Boston University 
S~ool of Eduoatioa 
LibrarY. 
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One observer can do a good job in his locality, with 
local time and local distances. But as soon as he starts 
measuring interstellar distances (and remember that light is 
his only operating agent), he gets results; but they are not 
the same results that a second observer gets·. 
Confronted with a problem like this (and it is a 
problem), it seems to be human nature for scientists to 
divide into two groups. One group the llconservatives,n t:ry 
to patch things up. (These are the people who kept adding 
more and more epicycles to the Ptolemaic and Copernican 
Systems.) The second group the ttradicals, 11 throw things out 
the window, and try all over again. (This is what Kepler 
did.) 
8. Einstein's Spacial 
Theory of Relativity 
No radical has ever thrown more things out the window 
than Albert Einstein, who was born in 1879, formulated his 
Special Theory of Relativity in 1905, and devoted a long and 
laborious life to getting more things to come within ~he 
scope of his theories, even though the theories got more and 
more complicated. 
Euclidean space -- the kind of space we think we live 
in requires three numbers, three dimensions to locate a 
point relative to some fixed set of axes. If two points 
have the numbers x1 , Y1 and%±, and x2 , Y2 , and ~2 , then the 
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is the distance between the two points. Now the Michelson-
Morley experiment shows that this quantity (1) would be 
differently estimated by different observers who were moving 
relative to each other. Einstein asked what kind of an 
expression, i.e., what variant-of one (1) exists such that 
two different observers could make their observations, per-
form the calculations, and come out with the same result. 
In Einstein's first formulation of the Special Theory of 
Relativity, the expression (1) is replaced by: 
2. [cx1-X2 ) 2+ (Y1-Y2 ) 2+ (~1- .g.2 ) 2.;.. 186,000 (T1-T2 ) 2 ] t 
where T1 and T2 are the times when a particular observer 
notes the X's, Y1 s, and .g.'s of two points, units being miles 
and seconds. Two different observers of two events would 
find different values for the X's, Y 1 s, ~'s, and T 1 s, but 
when they calculated the value of (2) they would come out 
with the same result. An event involves a location and a 
time. This formula (2). is the basis of things; it is a 
space-time interval, and is an official evaluation of the 
interval between two events. 
To a mathematician, all of this is equivalent to saying 
that it is as if the events in this physical universe of. 
ours, measured by distances and times, were referred to a 
new model, a four-dimensional non-Euclidean space, for which 
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(2) is the fundamental formula for four-dimensional distance 
between the two points which correspond to the two events 
with their X•s, Y's, ~'s, and T's. 
9. The Scope of the 
Theory of Relativity 
The later efforts -- ~nd complications -- of Einstein 
are designed to bring more and more of the phenomena of the 
physical world into his theories. Confronted with a large 
physical mass like the sun, Einstein assumes that it is as 
if in his hypothetical four-dime~sional non-Euclidean space, 
the region corresponding to the vicinity of the sun is more 
11 curved." In effect, this changes slightly the form of (2). 
In any geometry, Euclidean or otherwise, and quite 
independent of the number of dimensions, there is the 
fundamental concept of distance along a path. When two 
points are connected by a path along which this distance is 
as small as possible, the path is called a geodesic. In 
Euclidean ~eometry, a geodesic is a straight line. As soon 
as the distance formula (1) or (2) or any variant is set 
up, we have a corresponding geometry, and its geodesics can 
be determined from the formula. Einstein says that when 
things move around in our physical universe, the corres-
ponding motions in his hypothetical four-dimensional space 
are always along geodesics. 
This has the amazing effect of allowing us to throw 
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away completely the concept of a force of gravity! The mass 
of the sun, for example, is built into the structure 'of the 
four-dimensional space, and the mere requirement that, in 
the model, planets move in geodesics, accounts for all the 
motions for which Newton and his followers required a force 
called ngravity.n 
Now these gains in theory are attained only at the 
expense of extraordinarily great complexity in the formulas. 
No one in his senses would ever try to compute when the sun 
will rise in Monrovia, Boston, or Japan on December alst, 
1960, by the use of Einstein's Theory. As, of today, all 
the assumptions of our work-a-day world and solar system are 
made on the assumption that Newton is nearly enough right, 
so that we can use his vastly simpler formulas. What then 
is the use of this difficult super-theory? 
The predictions of Einstein's theory.-- Einstein's 
Theory has cleaned up two unsolved problems which had 
bothered scientists for years; the Theory had made two im-
portant predictions which have been verified. The two 
problems were: 
1. The advance in the Perihelion of Mercury 
2. The observed bending of light rays as they passed 
the sun. 
A. Of all the planets, only Mercury was not doing 
just what it was supposed to do. Its 
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.h·l. l/ t tl h •t 1 per1 e 1on- was no· exac y w ere 1 shou d be. 
The error, while very small, and definitely 
insignificant to a layman, bothered the profes-
sionals. The conservatives tried to patch this up 
and, taking a hint from Adams and Leverrier, they 
suggested there might be an actual new planet, ver~ 
small, and near to the sun which was pulling 
Mercury around. But this was patchwork; actually, 
no such planet has ever been seen. 
B. As the light from a distant star passes by close to 
the sun on its way to the earth, the light is bent 
a little, and the star does not seem to be qnita 
where it ought to be. This effect can be ob'served 
and photographed only during a total eclipse of the 
sun, which is one of the several reasons why 
asifronomers and physicists will go to the ends of 
the earth for the three or four minutes of total 
e~:tlipse during which such photographs can be taken. 
Patchwork intell-ectual efforts to account for this 
have not been very successful. 
Both of the situations (A) and (B) can be nearly ex-
plained by Einstein's Theory and are no longer problems. 
The writer, who is a bit of a conservative, does not 
lay too much stress on these two problems; but the two 
1/Point nearest the sun. 
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Predictions that Einstein made are something else again. 
They concern (1) change in mass; (20 conversion of mass to 
energy. 
1. Einstein's Theory requires that mass be relative, 
that the amoun~ of mass should depend on the speed. 
A stone in my hand has a certain mass; the writer 
throws it~ and during the motion it has more mass 
·not enough to detect and measure, because he can 
not throw it fast enough. But there are objects 
in the atomic and sub-atomic classes which attain 
speeds in radio-tubes and in atomic accelerators 
which are a very respectable fraction of the speed 
of light; the masses of these objects do change, 
and change consid_erably, in accordance with his 
Theory. If you play with this kind of thing, the 
old laws are just not good enough today. 
2. Einstein predicted that mass could be changed into 
energy in accordance with a law which he formulated, 
and which says that (with suitable unit) energy is 
mass times the square of velocity. Einstein also 
suggested suitable places for physicists to look in 
order to find masses which could actually be con-
verted into energy. They looked, and they found 
them. For better or worse, we have atomic power 
and the atomic bomb. 
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CHAPTER IX 
THE MIDDLE OF THE 
TWENTIETH CENTURY 
1. The Curious Situation 
The impact of Einstein's theory.-- This brings us up to 
the middle of the Twentieth Century. It is a curious 
situation. For all intermediate distances (bigger than the 
atomic, less than the interstellar) the old Newtonian Theory 
is doing very well. Einstein's Theory, seldom interfering 
with the old, seldom even applied, nevertheless, dominates 
the scene. Perhaps, even more, it dominates the thinking of 
philosophers, astronomers, mathematicians, and physicists. 
For many scientists, the name of Einstein has stood all their 
lives for the unknown and unknowable. A£ter all, the man, 
although he died only recently, is legendary. He had an 
international reputation, fifty years ago, and was a Nobel 
Prize Winner in 1921. But, more than any other scientist 
who ever lived, Einstein has suffered from an abominable 
press. 
The need for models.-- But the man who makes an honest 
effort to understand this business will, in many cases, find 
that he still has a definite prejudice, and he is articulate 
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about it. He says: ni see the sun, and stars, and planets 
just the way the Greeks co~ld. I want an explanation. All 
the great theorists through Newton ~ave us models which we 
could visualize. Now I am offered a 'model' which is a 
four-dimensional non-Euclidean space. I can not visualize 
it, and even its proponents admit they can not either. In 
I 
order to explain something which I can see in the sky every 
day and every night, I think I am entitled to a 1model 1 
which has some slight appeal to my 'senses.'tt 
This would seem to be a very reasonable request. If it 
turns out that it can not be granted -- and this will be the 
case -- it should be explained simply and clearly why it can 
not be done, perhaps with just a touch of wistful apology. 
But the fact is that, at this stage, nearly all semi-
popular authors adopt a stern father-knows-best attitude. 
They say, in effect: noh, do not be so naive. You are big 
boys and girls now.n 
Morris Kline in nMathematics in Western Culture,u in an 
otherwise very reasonable chapter on Relativity says: 
ttBut anyone who insists on visualizing the concepts 
with which Science and Mathematics now deals is still in the 
dark ages of his intellectual development.n 
The writer has some small reputation for not suffering 
fools gladly, but people who rebel at a model which neither 
they nor anyone else can visualize are not necessarily fools 
And this 11 dark ages of his intellectual development" is not 
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very courteous; he might have gone so far as to say 11middle 
ages. u Let us try to sum up w·hat we have seen of 
nvisualizing conceptsn and nmaking models." The w-riter be-
lieves that any concept can be fully understood w·hen 
equivalent models can be made for visualizing the concepts. 
Concepts and models.-- Wlien the Ptolemaic and Copernican 
theories flourished, people made beautiful little models of 
these motions (orreries}; you could see the wheels go round. 
There was a brutal amount of arithmetic and trigonometry in 
the background, but the amateur did not have to worry about 
.ihhat; with the small physical models in operation, he could 
see everything. 
Models, the connecting link between algebra and 
geometry.-- Kepler and Newton brought lar~e quantities of 
algebra into the picture. You can still have your physical 
models: Ellipses with planets moving round on the rim; you 
can make orreries or, much better, a plane~ium where you 
can exhibit details, or long-time processes. But something 
new has been added. 
algebra and geometry. 
There is a new interplay between 
To a mathematician 
and 
Figure 21. 
L1 
The Diagram is an Equi-
valent of the Mathe-
matical Formula. 
110 
are pretty much the same thing. To him the algebraic 
equation is just as much a 11 model 11 as the geometric figure. 
He can not get the man in the street to achieve his own 
flexibility here but, after considerable training (in 
analytic geometry), the man in the street sees that, in a 
certain sense, each is the model of the other. He under-
stands the geometric figure a little better, and he always 
prefers it to a mess of algebra; but he does not rebel at 
the algebra, once he understands it. 
2. Types of Models 
Algebra-geometry models.-- The mathematician carries 
this algebra-geometry duel to quite a fantastic extent. In 
three-dimensional Euclidean geometry 
1 • x2 + y2 + ~ 2 = A 2 
is a sphere whose center is at the origin, and 
2 • Ax + By + C-5- = 0 
is a plane through the origin. The two together constitute 
a great circle on the sphere, and with proper choice of A, 
B and C the equation would be the ecliptic. Many mathe-
maticians, by training and aptitude, vastly prefer the 
algebraic model. 
Then the non-Euclidean geometries came along, and for 
a while every one had a pretty hard time. But not for very 
long, because it was soon found that the surface of a sphere 
was a perfect model for a Riemannian plane, with the great 
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circles on the sphere playing the role of lines in the plane. 
This model makes it quite easy to check the truth of some of 
the theorems of this particular non-Euclidean geometry. 11 Two 
lines meet in two points 11 has the model representation of 
two great circles meeting at two points. "Ass~na~ght line 
has a finite length,n has the model representation of a 
great circle, such as the Equator, or the Ecliptic, which 
has a finite length. Notice: the writer never said that the 
sphere was a non-Euclidean plane. It is not; but it does 
serve as a model for it. And there is a more complicated 
surface which serves as a model·for Lobachevskian geometry. 
You have to take the writer's word for this one/ but it 
is a fact that, despite these very tempting geometric 
models, you can never really tame non~Euclidean geometry 
until you have set up an alge~raic equivalent, which is, in 
fact, a pretty complicated business. It is not only the 
algebra but the geometric model that aids you in getting 
your result. Now let us be somewhat realistic about this • 
.A professional teacher of non-Euclidean geometry has only a 
few students, but they are very good. It is his job to make 
them much better. Over two years experience show that the 
more you keep your pupils away from the algebra, the more 
you make them work independently with the model equivalents, 
the more progress they will make. Naturally, the students 
like the model. But it is the instructor's duty to keep 
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telling them: 11Let that algebra alone. Tryma~ing some 
model equivalent that will help in visualizing certain 
problems better.u This, the writer believes is a proper 
teaching procedure and is worthwhile trying out. 
3. Construction of Models 
Constructing a cube.-- It is worth taking a moment to 
note what mathematicians do in 11 solid geometry,tt that is, in 
three-dimensional Euclidean geometry. They could, of course, 
actually construct wire or plastic models for all.the lines, 
planes, and surfaces in which they are interested. Most 
people who want to talk about a cube would draw the follow-
ing assemblage of lines: 
------ ----~ 
Figure 22. Diagram Illustrating the Three-
dimensional Model. 
This is not a cube. But, because our eyes are trained to 
operate in a three-dimensional space-world, we can make it 
look like a cube. W'e can think of lines that are not the 
same length, as if they were; and angles which most certainl~ 
are not right angles, we visualize as right angles. We can 
see the thing itself as a unit, not flat, but a three-
dimensional object. Hence, the figure is really a highly 
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successful picture model of a cube, because our eyes are 
trained to appreciate this kind of thing. 
Relationship between model and visual perception.-- Let 
us develop this association between models and visual 
perception. We start with a zero dimensional point. We 
0 • 
move the point to a new position. The configuration now 
consists of two points and one line. 
0'---------f) 
Figure 23. Diagram Shows How a Three~dimensional 
Model is Constructed. 
lVe now take this line and move it in a new direction perpen-
dicular to itself. The original two points move to two new 
positions, making four points in all. There was the 
original line; each of the two points, in moving, generated 
a line, and there is the final line, for a total of four 
lines. Here is a new figure, one square. 
Figure 
0.---------0 
( 
I 
I 
I 
l 
f 
or 
24. 
l 
Part of the ~~ree-dimensional Model. 
Now take the square, and move it in a new (third) 
dimension, perpendicular to itself. Each of the four points 
moves to a new position, making eight points in all. There 
were four lines; each of the four points, in moving, 
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generates a line; and at the end there are four ultimate 
lines, making a totai of 12 lines. There was one original 
square; each of the four lines, in moving, gene.rates a 
square; and here is the ultimate square, total 6 squares. 
Finally, here is the thing itself, a three-dimensional cube. 
..... 
' 
Figure 25. Completing a Three-dimensional 
Model. 
Constructing a tessaract.-- Now, take the cube, imagine 
it moved in a super-sensory direction, a new (fourth) 
dimension perpendicular to itself. Each of the eight points 
moves to a new position, making 16 points in all. There 
were 12 lines; each of the eight points, in moving, gener-
ates a line; and there are 12 ultimate lines for a total of 
32 lines. There were six original squares; each of the 12 
lines, in moving, generates a square; and there are six 
ultimate squares, for a total of 24 squares. There was one 
original cube; each of the six squares, in moving, generates 
·· a cube; and there is one ultimate cube for a total of eight 
cubes. Finally, here is the thing itself, a hyper-cube or 
tessaract. 
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Figu~e.26. Illustration of Hyper~ube. 
Your first impression of the figure above will probably 
be that of a little cube inside a big one, with connecting 
lines. Try using a little super-faith and super-imagination, 
and visualize the small inner cube as the same size as the 
outer one, moved in a new direction. You will then be able 
to count, and to some extent visualize: 16 points, 32 lines, 
24 squares, and eight cubes. What you can not visualize is 
the thing itself. ·what completely eludes you, because your 
eyes are three-dimensionally trained. This model is there-
fore only partially successful; you get a lot of details, 
but not the whole story • 
.The Umitf'·±don nf_wodels.-- So, when it comes to four, 
five, six, or· 29 dimensions (and this holds for both 
Euclidean and non-Euclidean geometries), the 11 modelsn which 
we can construct show only a part· of the story and, in many 
case·s,"only an ·infinitesimal part. The reason is obvious: 
our eyes are trained only for three-dimensional jobs, and we 
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can not make them synthesize nlargeru portions)/ The 
£utility of these models is so complete that professional 
mathematicians actually do not bother with them. Frankly, 
the writer thinks, very properly, that scientists and 
mathematicians tell advance students that from here on 
they must stop being dependent on geometric models. They 
set up algebraic equivalent nmodels,tt and they work with 
them, on hunches and on faith. 
4. Some Relationships Between 
Physics and Mathematics 
The fields of physics and mathematics are related, but 
distinct. Newton was a master in both fields. Bu~ the. 
fields have grown so incredibly complex since his time tha:t 
the writer does not think anyone today can.fairly be called 
a master in both. Einstein was a physicist, and an extra-
ordinarily good one. He formulated pretty nearly the whole 
structure of the physical universe by means of a model 
which is a four-dimensional non-Euclidean space. It is-. not 
the slightest reflection on Einstein that mathematicians 
have helped him to operate and utilize this model. 
Now, suppose you, an intelligent layman, want to know 
something about all this business. The writer will try to 
say it in a more courteous manner than is customary among 
1/the writer does not thiru~ the human race will ever be able 
to do this. 
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the professionals. This Einsteinian model is one that the 
writer can not visualize geometrically, although he can work 
with it algebraically. The writer does not believe that any 
person will ever be able to visualize it geometrically. He 
does not believe that you will ever understand much more 
than the outlines unless you go through some course of pro-
fessional training which will be long and arduous. Finally 
and this is no disparagement of your intelligence, but after 
all, there are such things as aptitudes. 
Einstein's Theory is by no means the final word. It 
may be supplantedt~omorrow, or supplanted by a theory which 
may be much simpler, or much more complicated. This physical 
space-time universe of ours does seem to be a universe which 
is subject to law. It is entirely possible that scientists 
are going at this business in an unprofitable manner. It 
11 II 
may be that there is one law for the very small, an entirely 
different law for the ''very large1~ but this is intellectually 
distasteful, and perhaps a third law for the ''intermediate11• 
Mathematicians know that when three separate situations show 
up, it is often possible to combine them under one super-
law; and sometimes, it may be possible to do this, they pay 
too high a price for this. 
5. The Great Contribution of Einstein 
The unified field theory.-- The general objective of a 
unified field theory is very broad. Einstein knew this, in 
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that he wanted to deduce all the physical phenomena scien-
tists know of from a few simple basic principles. These 
amalgamations Einstein believed, will enable man to gain 
more scientific knowledge at a faster rate. Einstein must 
have reasoned that if, through a uni~ied field theory, the 
physical laws of the universe could be stated for all time, 
the inevitable result would be that the laws of all the 
various branches should flow as an effortless consequence. 
Einstein realized that.a unified field theory sounded 
highly desirable. He also knew that the theory concerns 
itself with fields. His approach to the problem was to 
consider the field i-:tself in an effort to understand the 
basic underlying properties of fields in general. Then 
gravitational, electric, and magnetic fields could be con-
sidered as special cases. Thus, the General Theory of 
Relativity could be derived from the unified field theory. 
This gallant contribution, which Einstein made to science, 
is unquestionably the best job to date. It may be that 
some one will do it much better in the future; and it may 
very well be that this is the kind of job to do. 
Whatever happens to Einstein's Theory, and others, the 
writer is inclined to think that Newton's reputation will 
never suffer an eclipse. As long as you remain in the 
intermediate range, that is, above the atomic and below the 
interstellar, everything seems to follow his Laws. They 
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furnish at least an extremely close approximation to what 
our senses bring to whatever it is we call a brain. 
The domain of the nvery large, 11 and the nvery small,n 
are very difficult; and is inclined to the proposition that 
any explanation will probably involve a nmodel 11 which is 
super-sensory. 
5. Conclusion 
Very few professionals have made a serious effort to 
explain, simply and clearly, the abstract nature of the 
formulations of today. And has it not been made clear that 
this has been rough going, that the human race has not made 
steady progress, and that the more we learn the humbler we 
ought to get about what we do not know? 
Intelligent amateurs come today and ask: What is the 
answer? And, if the professionals are honest, about all 
they can say is: 11We have done th,is, and we have done that; 
we have a pretty fair abstract model to describe what is 
going on; but we do not know the answer. We do not know if 
there is an answer.n 
120 
6. Suggestions and Recommendations 
Some suggestions.-- Undoubtedly, the writer's experience 
has been enriched as a result of this study. Similar re-
searches could be carried on in the following subjects; 
a. A survey study of Physics 
b. A survey study of Mathematics 
c. A survey study of Chemistry. 
The writer feels confident that such careful investigation 
will help reveal the many hidden truths as to the contribu-
tions made to the Field of Science by the endless efforts of 
early scientists. 
Some recommendations.-- For the benefit o:f serious 
students who would like to continue this survey study, or 
other studies, as outlined in the writer's suggestion, he, 
thus, recommends these books: 
1. H. Shapley and H. E. Howarth, A Source Book in 
Astronomy, New York, 1929. 
2. A. Armitage, Copernicus, the Founder ofJ~io(\ern 
4stronomy. London, 1928. 
3. Hermann Kesten, Copernicus and His World, New York 
and Londgn, 1945. 
4. A. Berry, A Short History of Astronomy, London, 
1898. 
5. B. Farrington, Greek Science, Its Meaning for Us, 
New York, 1944. 
6. J. R. E. Dreyer, Tycho Brahe, Edinburgh, 1890. 
7. F. Sherwood Taylor, Galileo and the Freedom of 
Thought, London, 1938. 
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8. A. Brodelsky, Sir Isaac Newton, London, 1929. 
9. James A. Coleman, Relativity for the Layman, New 
York, 1958. 
10. Lincoln Barnett, The Universe· and Dr. Einstein, 
New York, 1958. 
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CHAPTER X 
THE APEENDIX AND THE BIBLIOGRAPHY 
I. The Appendix 
Class outline from Dr. John Read's reading.-- In the 
study of astronomy, some new facts have been recently pub-
lished. They differ from the facts found in some textbooks, 
and also differ from some that an instructor might tell you. 
Of course, the books and the magazines from which these new 
facts are taken must have had the facts in hand for six 
months to a year, for it takes that long to get things 
printed. The newspapers may be able to print things only 
months or weeks old. Some very spectacular changes may be 
reported within a few hours. So, for what they are worth, 
here are some recent estimates by astronomical experts. 
There are two kinds of stars. Population II stars are 
old; Population} stars are still being born in the arms of 
spiral galaxies where there is much dust. 
The Milky Way system is a member of a cluster of 17 
galaxies concentrated within a radius of about one million 
light years. Outside of this cluster it takes light 8 
million years to come from the next nearest spiral galaxy. 
The oldest stars are known to be about five billion 
years old. It is probable that old stars were formed from 
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the dust of some kinds of galaxies; this used up the dust, 
so no new stars can be formed in that type of galaxy (the 
spherical, slowly rotating type). The spiral galaxies, like 
our own Milky Way, have some dust left, so new s~ars are 
continually forming in them. 
About a billio·n galaxies are visible and have been 
counted using modern telescopes. Several thousands ·of these 
are close enough to show details of their structure. Radio 
telescopes have helped to map the structure of some galaxies 
that do not have ali their stars visible to telescopes. 
Our own solar system takes about 230 million years to 
make a complete revolution around the center of our galaxy. 
At night, we can see about 2,000 stars with our unaided 
eyes. If we were to travel from the North to the South 
Polar regions, watching the stars every night, we could see 
in all about 6,000 stars, if we took the trip twice, six 
months apart. 
The sun is about 26,000 light years from the center of 
the Milky Way, our galaxy. The diameter of the Milky Way is 
about 80,000 light years. 
The 200-inch telescope at Mt. Palomar reaches out 
visually to more than two billion light years, so th~t we 
know that the universe is at least four billion light years 
in diameter. This gives us, however, little clue to the 
actual diameter of the universe. 
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There are about 100 billion stars in the Milky Way. 
There are also clouds of dust, and a central hot core that 
cannot be seen because of' that dust. We know of' its exis-
tence because it can be· 11 heardu by the radio telescope. 
A new type of' television 11 pick-upn tube can be used to 
make much clearer and brighter pictures of' the moon and the 
planets. It is called a "cat-eye." 
Balloons and rockets with telescopes and electronic 
instruments in them are giving us a better view of' objects 
in space. 
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